Neuronal FMRP: facilitating learning in a critical brain network for zebra finch song acquisition and regulating synaptic miRNAs spatio-temporally by Winograd, Claudia
 
 
 
 
 
NEURONAL FMRP: FACILITATING LEARNING IN A CRITICAL BRAIN NETWORK FOR 
ZEBRA FINCH SONG ACQUISITION  
AND REGULATING SYNAPTIC MIRNAS SPATIO-TEMPORALLY 
 
 
 
 
BY 
 
CLAUDIA WINOGRAD 
 
 
 
 
 
 
 
 
DISSERTATION 
 
Submitted in partial fulfillment of the requirements  
for the degree of Doctor of Philosophy in Neuroscience  
in the Graduate College of the  
University of Illinois at Urbana-Champaign, 2013 
 
 
 
 
Urbana, Illinois 
 
 
 Doctoral Committee: 
 
  Associate Professor Stephanie Ceman, Chair 
  Professor David Clayton 
  Assistant Professor Julia George 
  Assistant Professor Laura DeThorne 
 ii 
Abstract 
 
Fragile X syndrome (FXS) is a genetic disease caused by absent expression of the normal 
fragile X protein FMRP, presenting with a constellation of features including intellectual 
disability, connective tissue abnormalities, and impaired vocalization (speech and language).  
FMRP is an RNA-binding protein, and animal models of FXS present with abnormalities in 
protein translation.  This work will address the roles of FMRP in the development of a neural 
circuit for vocalization, and in protein translation regulation via the microRNA (miRNA) 
pathway.   
 
Humans are vocal learners, meaning we must hear normal adult vocalization during a critical 
period in development in order to learn this vocalization properly.  Because FXS has both 
impaired learning and atypical vocalization, it is conceivable that these two features are 
linked by impaired vocal learning.  Our hypothesis is that FMRP is necessary for normal 
vocal learning. An established model for vocal learning, and thereby ideal for studying the 
vocal abnormalities of FXS in order to deduce the molecular role of FMRP in vocal learning, 
is the songbird zebra finch Taeniopygia guttata.   
 
In this dissertation I present work that shows expression of the zebra finch FMRP in brain 
regions critical for normal song learning.  Furthermore, I show that this expression is variable 
across development, supporting the argument for a role of FMRP in song learning.  
Moreover, I show that this variable expression is not due to singing activity alone.  Finally, I 
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present preliminary work developing a genetic tool with which to generate a zebra finch 
model of FXS.   
 
In order to study more thoroughly the role of FMRP in neural development, I will then shift 
focus to the role of this protein in protein translation regulation via the miRNA pathway.  
miRNAs are small, genomically-encoded RNAs that regulate translation of target mRNAs, 
generally by translation suppression of these target mRNAs.  It is unknown how miRNAs are 
regulated in neurons both spatially and temporally.  Studies in our and our colleagues’ labs 
have shown association of FMRP with protein and RNA members of the miRNA pathway.  
Furthermore, phosphorylated FMRP (P-FMRP) has a suppressive role in protein translation 
and is present in neuronal dendritic transport granules.  Our lab has observed an increased 
association of P-Fmrp with precursors to miRNAs (pre-miRs) along with a decreased 
association with Dicer, the rate-limiting enzyme in miRNA biogenesis from pre-miRs, both 
in comparison with FMRP.  Our hypothesis is that P-FMRP transports pre-miRs to dendritic 
spines, protecting them from Dicer until a specific neural signal indicates necessity for 
continuation of the miRNA pathway, thereby assisting in spatio-temporal regulation of the 
miRNA pathway.   
 
In contribution to the development of this FMRP-miRNA regulation hypothesis, this 
dissertation presents data on association of FMRP with other proteins in the miRNA 
pathway.  Notably, some of these associations are affected by phosphorylation status of 
FMRP.  Furthermore, preliminary work is presented that shows that while P-FMRP 
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associates with pre-miRs in mouse brain, FMRP most likely does not bind to these pre-miRs 
directly. 
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Chapter 1 
Introduction 
 
Part 1.  FMRP and learning in a neural network for song acquisition 
 
Fragile X syndrome and the Fragile X Mental Retardation Protein 
 
Fragile X syndrome (FXS) is a genetic disease that results in a constellation of features, the 
most salient of which include intellectual disability and impaired speech and language.  It is 
in fact the most common cause of inherited intellectual disability, affecting 1:4000 males and 
1:8000 females panethnically [reviewed in (Hagerman et al., 2009)].  50%-90% of children 
with FXS have speech and language abnormalities such as perseveration and echolalia 
(Hagerman and Lampe, 1999; Kau et al., 2002; Roberts et al., 2007b).  FXS results from 
absent expression of the normal fragile X mental retardation protein (Pieretti et al., 1991; De 
Boulle et al., 1993) (FMRP; Fmrp in mice and rats; _Fmrp in other species; for simplicity it 
will be written as FMRP hereafter), encoded by the gene FMR1.  The FMR1 gene is 
expressed ubiquitously in the body, excluding the muscles, and predominantly in the testes 
and brain (Bachner et al., 1993; Devys et al., 1993; Hergersberg et al., 1995).  Cellularly, the 
protein is predominantly in the cytoplasm although it does shuttle through the nucleus 
(Devys et al., 1993; Feng et al., 1997; Kim et al., 2009); in the brain the protein is primarily 
neuronal, expressed in glia only during development (Devys et al., 1993; Wang et al., 2004; 
Pacey and Doering, 2007).  Within neurons it has been observed in both dendrites (Feng et 
al., 1997; Weiler et al., 1997; Greenough et al., 2001; Antar et al., 2004; Ling et al., 2004; 
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Antar et al., 2005) and axons (Antar et al., 2006; Price et al., 2006; Tessier and Broadie, 
2008).  FMRP is a modular, RNA-binding protein, with signal regions for both nuclear 
localization and export (Eberhart et al., 1996; Fridell et al., 1996; Bardoni et al., 1997) and 
RNA-binding domains in the N-terminus (Adinolfi et al., 2003), two KH domains (Siomi et 
al., 1994; Darnell et al., 2005), and an RGG box (Darnell et al., 2001).  The protein can be 
phosphorylated post-translationally on three conserved serine residues; phospho-FMRP (P-
FMRP) is associated with stalled polyribosomes, suggesting a role in translation suppression 
of cargo mRNA (Ceman et al., 2003).  [The term “mental retardation” is now out-dated and 
has been replaced by “intellectual disability”.  According to the American Association on 
Intellectual and Developmental Disabilities, intellectual disability is characterized by an 
intelligence quotient (commonly known as IQ) of less than 75, with limitations in intellectual 
functioning and adaptive behavior, presenting in a person before the age of 18 
(www.aamr.org).] 
 
Learning and memory and the fragile X protein 
 
When it was discovered that absence of FMRP caused FXS, it became clear that FMRP 
played a critical role in learning and memory.  The established neurobiological mechanism 
for learning and memory is synaptic plasticity, or the ability to modify / process of 
modification of synapses in response to synaptic activity [reviewed in (Kandel, 2001)], 
although mechanisms of nonsynaptic plasticity play minor roles as well [reviewed in 
(Mozzachiodi and Byrne, 2010)].  Fortuitously, it had been observed that plasticity at 
synapses required protein synthesis (Fifková et al., 1982; Krug et al., 1984; Deadwyler et al., 
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1987; Otani et al., 1989), type I metabotropic glutamate receptor (mGluRI) activation in 
synaptoneurosomal preparations triggers protein synthesis (Weiler and Greenough, 1993), 
and that one of these proteins is FMRP (Weiler et al., 1997).  In response to mGluRI 
stimulation via its agonist DHPG (3,5-dihydroxyphenylglycine), in synaptoneurosomal 
preparations, the increased FMRP expression occurs after only five minutes of stimulation.  
In addition, the FMR1 mRNA shifts into polyribosomes upon mGluRI stimulation, 
suggesting an increase in translation (Weiler et al., 1997).  Given these results, the authors 
suggested a role for FMRP in synapse maturation, specifically after synaptic activity.  They 
further suggested that FMRP translation may be regulated synaptically, and in turn regulate 
dendritic spine maturation; disruption of this process may underlie symptoms of FXS (Weiler 
et al., 1997). When data from these experiments were combined with further experiments 
showing that FXS mice and humans have long, slender, seemingly immature dendritic spines 
(Hinton et al., 1991; Comery et al., 1997), the authors concluded that FMRP translation at the 
synapse may be necessary for activity-dependent synaptic plasticity (features of which 
include synapse maturation and elimination) (Weiler and Greenough, 1999). 
 
To continue investigations of FMRP and its expression at the synapse, researchers 
investigated events known to cause morphological changes in the brain, looking for any 
changes in FMRP expression as a result.  Specifically, rats were given a complex 
environment or were trained in an acrobatic motor-skills task for 20 and 7 days, respectively.  
In each situation, the rats have increased levels of FMRP in their visual or motor cortices, 
respectively, as shown by immunoreactivity and compared to inactive controls – this increase 
in FMRP is believed to come from increased protein translation resulting from genesis of 
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neuropil in the learning paradigms, as well as translation in existing neuropil and an 
increased FMRP stability (Irwin et al., 2000).  Given the synaptic translation of FMRP upon 
stimulation, both chemically in vitro and behaviorally in vivo, and hence its potential role in 
synaptic plasticity, the authors concluded that FMRP may be critically involved in 
maturation of neuronal circuitry and therefore memory formation (Irwin et al., 2000).  A 
follow-up study published in 2005 adds more data points to the analysis and shows even 
more convincingly that FMRP immunoreactivity increases in visual cortices of rats exposed 
to a complex environment, as compared to inactive controls.  Careful measures were taken to 
ensure that the increased FMRP was not a side effect of increased neuropil (Irwin et al., 
2005).   
 
Another study quickly followed, showing more in vivo evidence of a role for FMRP in 
activity-dependent synaptic plasticity (Todd and Mack, 2000).  Using a sensory stimulation 
paradigm involving unilateral whisker stimulation, the investigators aimed to generate 
neuronal activity that may alter FMRP expression (Todd and Mack, 2000). This study finds 
that 4-8 hours after unilateral whisker stimulation, FMRP expression is elevated in the 
contralateral somatosensory cortex, as shown by synaptoneurosomal preparations.  With such 
a long time scale, the authors suggested effects at multiple levels of protein regulation, 
including transcription, translation, and/or protein degradation. In the same study, kainic 
acid-induced seizures (high levels of neuronal activity) are shown to result in either a 
decrease or no change in FMRP expression in the somatosensory cortex.  The authors take 
this data to signify that neuronal activity does in fact regulate FMRP expression, but the 
decreased expression would have to be studied further before mechanistic conclusions could 
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be drawn.  Interestingly, an earlier study had investigated pentylenetetrazol-induced seizures 
and their effects on FMR1 mRNA in the mouse brain and cortex, in order to assess FMR1 as 
an immediate-early gene (IEG), transcriptionally responding to stimulation (Godfraind et al., 
1996). No changes in mRNA levels are seen via northern blot analysis.  It is important to 
note that this study does not rule out post-transcriptional FMRP expression differences.   
 
While FMR1 may therefore not be an IEG per se, perhaps a new term can be created for 
FMRP: an immediate-early protein (IEP).  As the definition of IEG refers to a gene that is 
rapidly transcriptionally upregulated upon receipt of a specific signal, perhaps we can 
consider an IEP as a protein whose expression is rapidly increased at a post-transcriptional 
level in response to a specific signal.  Such is the case in (Gabel et al., 2004); dark-
reared/light exposed rats show post-transcriptionally increased FMRP levels in the visual 
cortex in merely fifteen minutes of light exposure.  In twice that time, the levels return to 
baseline, an effect which the authors suspect to be proteosomally regulated (Gabel et al., 
2004).  These results suggest a dynamic role for FMRP in the first fifteen minutes of 
experience-induced plasticity. 
 
In a Colloquium published in 2001, Greenough and colleagues argued that FMRP may be 
necessary for normal cortical development, consisting of synaptic maturation and elimination 
(Greenough et al., 2001). The authors reinforce previously shown results of rapid synaptic 
FMRP translation following mGluRI stimulation by mentioning that cycloheximide, a 
translation inhibitor, abolishes this effect (Todd et al., 2003b; Todd et al., 2003a). In addition, 
synaptoneurosomal preparations from FMR1 KO mice do not show stimulation-induced 
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accumulation of translation machinery nor enhanced general protein translation (Weiler et 
al., 2004).  FMRP may therefore be involved in local protein translation as a response to 
neurotransmitter stimulation. To support the notion that FMRP is involved in maturation of 
dendritic spines, rather than growth of new immature spines, Galvez and colleagues showed 
that FMR1 knockout (KO) mice have normal dendritic outgrowth followed by a lack of 
dendritic pruning (which is exhibited in normal controls) (Galvez et al., 2003).  Therefore, as 
of 2001, the working hypothesis remained that FMRP is involved in learning and memory 
via effects on synapse maturation and pruning (Greenough et al., 2001).  
 
In a follow-up study to (Todd and Mack, 2000), Todd, Malter, and Mack show that while 
whisker stimulation increases FMRP levels, the mRNA levels do not change, strongly 
suggesting a post-transcriptional regulation of FMRP (Todd et al., 2003a).  Additionally, this 
study shows that NMDARs and type I mGluRs are necessary for the increased FMRP 
expression. Primary cortical neurons have also been shown to increase FMRP expression in 
response to type I mGluR signaling, mimicked by the type I mGluR agonist DHPG (Todd et 
al., 2003b).  These studies support the model for FMRP translation at the synapse, in 
response to a stimulus, being important for synaptic plasticity.  
 
FMRP and Synaptic Plasticity, a model for Learning and Memory 
 
An established way to study learning and memory at a biological level is using the 
phenomenon of long-term potentiation (LTP) and its counterpart long-term depression (LTD) 
(Bliss and Collingridge, 1993; Bear and Abraham, 1996).  When a postsynaptic neuron 
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receives consistent input from the presynaptic partner, and its responses become increasingly 
sensitive and long-lasting, this effect is LTP (Bliss and Collingridge, 1993); similarly, when 
the result is long-lasting decreased sensitivity, this effect is LTD (Bear and Abraham, 1996).  
In the FMRP KO mouse, LTP is reduced in the cortex, amygdala, anterior cingulate cortex, 
and neocortex (Li et al., 2002; Zhao et al., 2005; Wilson and Cox, 2007).  Interestingly, LTP 
in the mouse piriform (olfactory) cortex is initially normal but as the mouse ages, the LTP is 
decreased (Larson et al., 2005).  The effect on LTP in the KO hippocampus is controversial, 
with some studies showing no effect and some studies showing a deficit (Godfraind et al., 
1996; Li et al., 2002; Lauterborn et al., 2007; Shang et al., 2009; Zhang et al., 2009).  
Perhaps the discrepancies in these studies are due to factors such as age of mice studied, type 
of stimulus used to induce LTP, and hippocampal region observed. 
 
The counterpart to LTP is LTD; LTD was first shown to be involved in learning when it was 
shown to occur in the hippocampus during novelty acquisition (learning while exploring a 
new environment) (Bear, 1999; Manahan-Vaughan and Braunewell, 1999). Studies on the 
role of FMRP in LTD proved more straightforward than the LTP studies outlined above, 
further supporting a role for FMRP in learning and memory.  Metabotropic glutamate 
receptor (mGluR)-dependent LTD in the hippocampus requires protein translation (Huber et 
al., 2000; Huber et al., 2001; Snyder et al., 2001), and this LTD is dramatically enhanced in 
FMRP KO mice, despite normal synaptic transmission and normal NMDA receptor 
(NMDAR)-dependent LTD (which is dependent on postsynaptic protein phosphatase 
activation) (Huber et al., 2002).  Therefore FMRP is required for normal mGluR-dependent 
LTD.   
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Just as an age-dependent role for FMRP in LTP was suggested above, FMRP may also affect 
LTD differently throughout development.  The LTD enhancement observed in the absence of 
FMRP is seen in both young and old rats; FMRP may therefore be involved in mechanisms 
beyond development (Huber et al., 2002).  This suggestion is not novel: previous work had 
suggested an extra-developmental role of FMRP (Irwin et al., 2000). Perhaps, as Bear and 
colleagues propose in the mGluR theory of FXS (Bear et al., 2004), the enhanced LTD seen 
in the absence of FMRP holds synapses in an immature state.  Perhaps these synapses are 
waiting, ready to acquire a novel memory, or to be pruned.  A potential model for normal 
LTD involving FMRP, and thereby impaired in the absence of FMRP, was suggested when it 
was observed that mGluR-induced LTD led to an elevation in FMRP expression (Hou et al., 
2006).  This study also corroborated the model for rapid FMRP degradation proposed by 
(Gabel et al., 2004) by showing that subsequent degradation of FMRP by the ubiquitin-
proteasome pathway was critical for this LTD (Hou et al., 2006).  Intriguingly, the 
proteasome-dependence for LTD was not seen in FMRP KO mice (Hou et al., 2006), further 
supporting a role for FMRP in normal LTD and therefore impaired LTD in the absence of 
FMRP. 
 
Plasticity and protein translation in relation to learning and memory 
 
Protein translation is required for some forms of neural plasticity (Fifková et al., 1982; Krug 
et al., 1984; Deadwyler et al., 1987; Otani et al., 1989).  These observations and others were 
used as a basis for subsequent studies on the potential necessity of synaptic protein synthesis 
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for learning and memory.  First it was necessary to establish that protein synthesis was 
possible at the synapse.  It had been shown that translation machinery localized to the 
synapse, preferentially to the base of dendritic spines (Steward and Levy, 1982).  Using 
electron microscopy, it was found that 80% of polyribosomes associated with spine bases, 
which is a significant fraction because spine bases are only about 40% of the dendritic 
silhouette.  A subsequent study showed that these polyribosomes could guide rapid local 
protein synthesis (Torre and Steward, 1992).  In this later study, a novel cell culture 
technique was developed whereby only axons and dendrites could be examined, apart from 
their cell bodies, and protein synthesis was observed in these isolated dendrites.  Then it was 
proposed that this protein synthesis was necessary for synaptic plasticity (Kang and 
Schuman, 1996).  Briefly, these authors showed that neurotrophin-induced hippocampal 
plasticity requires protein synthesis, but the synthesis occurred within five minutes, which 
could not have been enough time for somatic translation and then transport of the new 
proteins.  They were able to manipulate the neuron such that transport from the soma was 
impossible, yet plasticity was still possible.  This plasticity was blocked with protein 
synthesis inhibitors, strongly suggesting local protein synthesis independent of transcription.  
The authors acknowledged that their local proteins could have been synthesized 
presynaptically at the axon, postsynaptically at the dendrite, or from a local interneuron or 
glial cell, but was most likely from the dendrite.   
 
A later study examined LTD in the hippocampus, showing protein synthesis-dependent LTD 
that could still occur in dendrites severed from their somata (Huber et al., 2000).  
Interestingly, this LTD was also shown to be mGluR dependent.  In conclusion, FMRP has 
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been shown to affect synaptic plasticity, and synaptic plasticity can be protein-synthesis 
dependent; it will next be explained how FMRP affects synaptic plasticity through protein 
synthesis. 
 
FMRP and protein translation  
 
At the turn of the twenty-first century, mounting evidence indicated that FMRP inhibits 
protein translation by binding to cargo mRNA (Laggerbauer et al., 2001; Li et al., 2001).  It 
was shown to be present on polyribosomes (Siomi et al., 1996) and inhibit translation of 
supplied mRNAs in a rabbit reticulocyte lysate (RRL) assay, indicating a sequence-
independent inhibition – importantly, the inhibition was not due to mRNA degradation 
(Laggerbauer et al., 2001; Li et al., 2001).  The inhibition was dependent on an intact KH2 
domain; a point mutation of I304N found in a severely affected patient (De Boulle et al., 
1993) abolished the inhibition (Laggerbauer et al., 2001).  These phenomena were also seen 
in Xenopus oocytes (Li et al., 2001).  Intriguingly, the effect was specific to FMRP; the 
autosomal paralogs Fxr1 and Fxr2 (Siomi et al., 1995; Zhang et al., 1995), which share a 
KH2 domain, did not inhibit translation in the RRL assay (Laggerbauer et al., 2001).  Also 
interesting is that wild-type (WT) FMRP, not FMRP bearing I304N (FMRP-I304N), 
inhibited formation of the 80S ribosomal unit and therefore translation initiation; it is 
important to note that the inhibition of 80S formation was incomplete so the protein may also 
affect translation elongation and/or ribosome fall-off (Laggerbauer et al., 2001).  Finally, WT 
FMRP can homo-oligomerize but while FMRP-I304N cannot, it can still bind FMRP, Fxr1, 
and Fxr2.  A fascinating observation that corroborates the FMRP-specific effects is that 
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human FMRP can rescue all neural effects in the Drosophila KO model [Drosophila has one 
protein that is a combination of all three human paralogs (Zhang et al., 2001)] while FXR1 or 
FXR2 were not sufficient (Coffee et al., 2010).   
 
In regards to altered plasticity and enhanced LTD in FMRP KO mice, it had been proposed 
that because FMRP inhibits translation of its target mRNAs, the subsequent increased 
translation in the absence of FMRP must enhance mGluR-LTD ergo mGluR-mediated 
AMPA receptor (AMPAR) internalization (Huber et al., 2002).  This internalization is 
stabilized by protein translation; as FMRP is believed to impede translation of its bound 
mRNAs (Laggerbauer et al., 2001; Li et al., 2001), its absence at the synapse in FXS would 
lead to enhanced protein translation and therefore enhanced LTD (Huber et al., 2002).  Yet 
surprisingly, while novel protein synthesis is required for mGluR-dependent LTD, it is not 
required in the absence of FMRP (Nosyreva and Huber, 2006).  But studies had indicated 
that perhaps FMRP aids in translation of certain proteins at synapses in response to mGluR 
activation (Todd et al., 2003b; Weiler et al., 2004).  The two ideas are not mutually exclusive 
– if FMRP is involved in trafficking cargo mRNAs to dendrites, so that they may be 
translated locally (de Diego Otero et al., 2002), it is effectively aiding in protein translation, 
even though it inhibits the translation en route to the signal.  The surprising result of 
(Nosyreva and Huber, 2006) and (Hou et al., 2006) is that in the absence of FMRP, mGluR-
LTD does not require novel protein synthesis.  The authors of both these studies suggest the 
cause to be the already increased protein levels throughout the neuron (and hence in the 
dendrite) due to the lack of the translation-impeding FMRP.  It is worth noting that while 
absence of FMRP does not affect NMDAR-dependent hippocampal LTD (Huber et al., 
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2002), NMDARs are necessary for an increase in FMRP expression as a result of whisker 
stimulation (Todd et al., 2003a) 
 
It should be mentioned here that there is evidence that FMRP can also positively regulate 
translation.  For example, in (Brown et al., 2001), some mRNAs were shown to have 
increased presence on polyribosomes, therefore increased translation, in the absence of 
FMRP.  Additionally, FMRP has been shown to enhance translation of some mRNAs 
(Bechara et al., 2009; Fähling et al., 2009).  Nevertheless, in this work we will focus on the 
more traditional role of FMRP in translation inhibition. 
 
 
Speech and Language in FXS 
 
Both speech and language are affected in FXS; our hypothesis is that these deficits are due to 
impaired speech and language learning.  Before describing the speech and language deficits 
of FXS, collectively termed for our purposes as vocalization deficits, it is important to define 
both speech and language.  Speech is the learned sensorimotor control of vocal movements 
and sounds while language utilizes speech or signals to communicate a complex meaning, 
encompassing the cognitive processes required for this communication [(Brainard and 
Doupe, 2002)].  According to the website of the American Speech-Language-Hearing 
Association, verbal language includes vocabulary and grammar while speech refers to the 
verbal production of language in terms of pronunciation and rhythm (www.asha.org).   
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FXS has features of both impaired speech and impaired language.  One such feature is a 
delayed onset of first words.  A Spanish study based on parental reports found vocal delays 
in children with FXS 69% of the time (Ferrando-Lucas et al., 2003).  Before children use 
words to communicate, they use “prelinguistic” communication such as gestures and 
coordinated gaze, which are typically supplemented by words by 12 months of age [reviewed 
in (Finestack et al., 2009)].  In fact, children with FXS have delayed onset of this 
supplementation, with prolonged use of prelinguistic tools (Brady et al., 2006).  Although it 
would be interesting to consider the age when children with FXS first babble, this important 
feature of vocalization has not been studied in FXS.   
 
In regards to FXS speech, it has been shown to be perseverative (perseveration is the 
repetition of one’s own words or actions) (Ferrier et al., 1991) and less intelligible than 
typically developing (TD) peers (Barnes et al., 2009); intelligibility was even worse in FXS 
with comorbid autism (Kover and Abbeduto, 2010).  Interestingly, boys with FXS were 
shown to have phonological skills similar to TD boys who were of a younger age (Barnes et 
al., 2009).  Additionally, children with FXS are perceived to speak more quickly than their 
TD peers; however, they actually do not (Zajac et al., 2006).  This latter study was expanded 
recently to show that the articulation rate in children with FXS, as measured in syllables per 
second, is the same as in age-matched controls, but due to speech tone and rhythmicity 
characteristics (prosody) it is perceived as faster (Zajac et al., 2009).   
 
In regards to language, children with FXS have impaired receptive language capability, as 
measured by language comprehension (Price et al., 2007); comorbid autism resulted in a 
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further decreased receptive language capability (Lewis et al., 2006).  Children with FXS also 
have impaired expressive language (Ke et al., 2005).  In contrast to receptive language, this 
expressive language capability, as judged by expressive vocabulary, was not worsened by 
comorbid autism (Kover and Abbeduto, 2010).  Syntactic skills are also a measure of 
expressive language capability; children with FXS have impaired syntactic skills such as 
complexity of phrases as compared to TD peers and peers with non-specific intellectual 
disability, though these syntactic skills are stronger than those in children with Down 
syndrome (Price et al., 2008).  Syntactic ability does not depend on comorbidity with autism 
(Kover and Abbeduto, 2010).  It would be quite interesting to examine the ability of people 
with FXS to learn sign language; unfortunately this ability has not been studied. 
 
An important additional feature of vocalization is pragmatics, which includes both the “social 
norms” of communication, both nonverbal and verbal, such as eye contact and turn-taking 
(www.asha.org).  Pragmatic function in FXS has been well-studied by Dr. L. Abbeduto and 
has been shown to be impaired in ways related to, but not identical to, autism (Abbeduto et 
al., 2008; Dalton et al., 2008; among others). 
 
In addition to speech-language delays, FXS presents with hypotonicity and motor delays 
(Hagerman and Lampe, 1999), including both fine and gross motor skills (Ke et al., 2005; 
Zingerevich et al., 2009).  Additionally, sensorimotor delays have been observed in FXS 
children as young as 9-12 months of age (Bailey et al., 2003; Grace et al., 2005).  The 
orofacial motor function is also impaired in FXS and may thus negatively affect speech 
production (Barnes et al., 2006); finally, it has been suggested that the FXS vocalization 
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abnormalities indicate higher-level motor or linguistic processing problems (Grigsby et al., 
1992). 
 
Importantly the speech-language deficits are not due to cognitive impairment in general, but 
rather unique to FXS, since they have been described in comparison to children with Down’s 
syndrome or idiopathic intellectual disability (Sudhalter et al., 1990; Ferrier et al., 1991; 
Belser and Sudhalter, 2001).  Because FMRP, the protein absent in FXS, is involved in 
learning and memory (see above), and humans are vocal learners (to be described below), our 
hypothesis is that individuals with FXS have impaired vocal learning, leading to their 
abnormal vocalization. 
 
The songbird as model for vocal learning 
 
While the speech-language deficits of FXS have been well documented and characterized, as 
outlined above, in the realm of molecular biology, this phenotypic vocal quality of FXS is 
often overlooked.  This paucity of studies is likely because to date there does not exist a 
tractable model organism for the study of the atypical vocalizations. 
 
The fragile X gene ortholog has been identified in a number of species and FXS has been 
induced in the mouse, fruit fly Drosophila melanogaster, and zebra fish Danio rerio 
(Consortium, 1994; Zhang et al., 2001; Lin et al., 2006); however, none are vocal learners.  
Male mice and altricial mouse pups do emit ultrasonic vocalization, and a study has already 
been performed on murine FoxP2, an important speech gene mutated in a human familial 
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speech disorder (Lai et al., 2001), showing a deleterious effect of a FoxP2 mutation on 
ultrasonic vocalization of mouse pups (Shu et al., 2005). Nonetheless, it is unclear if these 
murine vocalizations are learned (Sales, 1972; Branchi et al., 2001; Holy and Guo, 2005).  
Further, the mouse does not lend itself to our study because the particular brain regions 
involved in ultrasonic song have not been mapped. Currently, a model organism with a well-
characterized neural circuit for vocalization, that would be ideal for studying the role of 
FMRP in the FXS speech defect, is the zebra finch Taeniopygia guttata.  
 
Songbirds, such as the zebra finch, and humans are vocal learners. Vocal learners are so 
classified because they have a sensitive period during postnatal (or posthatch) development in 
which they must hear the adult vocalizations as well as their own, in order to learn this 
vocalization (Doupe and Kuhl, 1999; Brainard and Doupe, 2002; Wilbrecht and Nottebohm, 
2003). This type of vocalization is different from that of other avian species such as the 
chicken, for example, which when raised in isolation can still make the adult models 
[reviewed in (Doupe and Kuhl, 1999)]. Researchers of birdsong have identified three stages 
in its learning and production – sensory, sensorimotor, and the final, crystallized song 
[reviewed in (Brainard and Doupe, 2002)]. 
 
In the sensory period, a 'song template' is formed as the young bird listens to his tutor and 
learns the tutor's song.  The sensory period of the zebra finch spans the first 60 days after 
hatching. During the sensorimotor period, from about posthatch day 23 (P23) through song 
crystallization at sexual maturity (approximately P90), the male bird begins to vocalize and to 
correct his song using auditory feedback, in order to match the tutor. The first vocalizations 
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of a songbird (at about P35) are akin to the babbling of a human infant (which spans 3-12 
months of age). In addition, the bird must be able to hear itself in order to crystallize its song 
properly, as must a human child hear him or herself in order to learn to develop full adult 
models [reviewed in (Doupe and Kuhl, 1999)].  A deaf songbird cannot learn proper song 
(Marler and Waser, 1977); similarly, hearing-impaired children cannot, without 
interventional training, mimic adult models (Ching et al., 2010). 
 
The circuitries for song learning and production involve multiple brain regions called song 
nuclei, which intersect at the Robust nucleus of the Arcopallium (RA) (Figure 1).  This song 
nucleus is critical for song production and is analogous to mammalian premotor cortex 
(Nottebohm et al., 1976).  RA receives inputs from both the nuclei HVC (letter-based proper 
name) and lMAN (lateral Magnocellular nucleus of the Anterior Nidopallium) as well as 
from intrinsic interneurons and therefore is not merely a relay nucleus from the HVC to the 
nucleus trachiosyringealis of cranial nerve XII (nXIIts), a motor nucleus [(Spiro et al., 1999) 
and see Fig. 1]. Synaptic plasticity in the RA has been proposed as a mechanism for song 
learning and production (Mooney, 1992; Stark and Perkel, 1999; Fee et al., 2004), and FMRP 
is necessary for normal synaptic plasticity [reviewed in (Bear et al., 2004)]; therefore, it is 
conceivable that FMRP in the RA is involved in finch vocal learning.  
 
Researchers have used the zebra finch and its well-characterized song system to study FoxP2 
(Haesler et al., 2004; Scharff and Haesler, 2005; Schulz et al., 2010).  In a human family with 
a FoxP2 mutation, affected family members present with developmental verbal dyspraxia – 
difficulty with coordinated motor tasks, specifically in the lower face and jaw such that 
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speech is impaired (Lai et al., 2001).  There are also language processing impairments and 
significantly-below-average grammar skills (Vargha-Khadem et al., 1995).  In the finch, 
FoxP2 is expressed ubiquitously in the brain, and principally in the striatum, and its 
knockdown in the zebra finch brain via lentivirus-delivered short-hairpin silencing RNA 
results in imperfect imitation by a male zebra finch of his tutor (Haesler et al., 2007).  [In the 
zebra finch, gene knockout at the germline level, as accomplished with mouse and fly, is 
impossible; therefore, epigenetic means such as silencing RNA must be employed.]  
 
Like FoxP2, FMRP is expressed throughout the brain; however, the role of this latter protein 
in a functional CNS circuit has not been investigated. The zebra finch provides a well-
characterized functional CNS circuit for study in its song system. 
 
Mirror neurons and language learning 
 
A neural population initially believed to be unique to primates (including humans) [reviewed 
in (Rizzolatti and Craighero, 2004)] but recently found in songbirds (Prather et al., 2008) is 
mirror neurons.  Mirror neurons were first discovered in the 1990s as visuomotor neurons in 
the premotor cortex of the monkey that fire equally strongly when the monkey either 
performs a particular action or watches another monkey (or human) do that action (di 
Pellegrino et al., 1992; Gallese et al., 1996; Rizzolatti et al., 1996).  A few years later it was 
found that a population of mirror neurons exists in the monkey brain that relate to observed 
mouth movements, namely ingestion and communication (such as lip-smacking), although 
when the monkey performs these actions, they are most related to ingestion movements 
 19 
(Ferrari et al., 2003).  Intriguingly for the argument of mirror neurons in communication [as 
reviewed in (Rizzolatti and Craighero, 2004)], one study shows partial gain of 
communication gestures from ingestion actions (MacNeilage, 1998).  This latter study 
suggests that the ingestive actions of chewing and sucking evolved into communicative 
primate actions of lip-smacking and teeth chattering, and reviews the evolution of human 
Broca’s area, now for speech and language, from the chief control center for ingestion.  [In 
terms of cerebral architecture, Broca’s area is currently defined as the pars opercularis and 
pars triangularis of the inferior frontal gyrus (Dronkers et al., 2007).]  In fact, this area has 
been shown to contain mirror neurons that respond to hand movements [reviewed in 
(Rizzolatti and Craighero, 2004)].  It is interesting to consider the theory that speech evolved 
as a tool to convey language, which evolved from gestures, supported by the fact that there is 
still language without speech, such as sign language and writing (Corballis, 2009).  This 
model suggests that language became necessary as humans evolved and needed a broader 
communication vocabulary to convey more complex messages, transcending from gestures to 
facial expressions and vocal movements, eventually reaching speech as we needed our hands 
for other coincident tasks.  It is supported by the fact that we still use gestures to accompany 
speech today (Corballis, 2010).  Furthermore, it has been suggested that utilizing Broca’s 
area for communicating gestures and actions for teaching facilitated the evolution of broader 
language and communication (Rizzolatti and Arbib, 1998).   
 
It should be noted that one study examining pre-linguistic tools such as gestures in pre-verbal 
FXS children cannot predict their later language capability (Flenthrope and Brady, 2010).  It 
is also interesting to note that another study found children with FXS can recognize emotions 
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in facial expressions just as well as typically developing peers and peers with non-specific 
intellectual disability and better than peers with Down syndrome (Wishart et al., 2007).  The 
ability to recognize emotion may indicate that children with FXS would have the capacity to 
understand / remember social language norms such as emotion and vocal tone if they were 
able to learn properly.  Thus it is important to study vocal learning in FXS as a first step in 
developing speech and language therapeutic interventions. 
 
Mirror Neurons and Songbirds 
It was recently discovered that songbirds such as swamp sparrows and Bengalese finches 
have mirror neurons that respond equally when the bird sings and hears similar song, located 
in the HVC (formerly the acronym for High Vocal Center; currently a letter-based name) 
(Prather et al., 2008).  Because of the HVC’s connectivity to the song circuit, these mirror 
neurons are speculated to have a critical role in the auditory-vocal feedback loop utilized 
during sensorimotor learning.  Note that mirror neurons are proposed in humans to guide 
“imitation learning” whereby we learn a particular action that is most effective in obtaining a 
goal (Rizzolatti, 2004) and song tutoring of a juvenile involves physical proximity to the 
tutor, allowing for observation of body postures.  It would therefore be interesting to examine 
the role of FMRP in finch song mirror neurons. 
 
FMRP and vocal learning 
As outlined above, an interesting role of FMRP in the human brain may lie in vocal learning, 
and the zebra finch provides an excellent model organism for investigating this role.  Critical 
brain regions in song birds’ learning of song lie in the equivalent of the human basal ganglia 
 21 
(Reiner et al., 2004; Doupe et al., 2005). Intriguingly, the basal ganglia is among several 
brain regions shown to have impaired activation in FXS females (Menon et al., 2004).  It is 
has long been recognized that FXS patients have abnormal vocalization [reviewed in (Gilger, 
1992; Cornish et al., 2004)].  The specific effects of FMRP on vocal learning have not been 
studied, yet will be examined in this dissertation.  Before presenting research on the songbird 
model of FXS (Chapters 2-4), an introduction will be given on the role of FMRP in the 
neuronal microRNA pathway.   
 
Part 2.  FMRP and the neuronal microRNA pathway 
 
FMRP binds a subset of brain mRNAs (Ashley et al., 1993; Brown et al., 2001; Darnell et al., 
2001; Miyashiro et al., 2003) and regulates their translation (Garber et al., 2008); evidence 
points to at least some of this regulation via the miRNA pathway [as reviewed in (Cheever 
and Ceman, 2009b)].  Previous work has shown that FMRP is regulated by its 
phosphorylation state (Ceman et al., 2003), and phosphorylation affects its association with 
Dicer (Cheever and Ceman, 2009a); here we expand this work and broaden our 
understanding of FMRP and phospho-FMRP in the miRNA pathway, specifically in neurons.  
It has been described above how FMRP regulates protein translation; here it will be outlined 
how microRNAs (miRNAs) regulate protein translation.  First, a brief review of the miRNA 
pathway will be provided. 
 
miRNA pathway components – the RNA interference (RNAi)-Induced Silencing 
Complex (RISC) 
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RNA interference (RNAi), is RNA-induced silencing, be it via silencing RNA (siRNA) or 
microRNA (miRNA) [reviewed in (Filipowicz, 2005; Fabian et al., 2010; Liu and Paroo, 
2010)].  Briefly, siRNA-RNAi is induced by exogenous (viral) RNA entering a cell and 
subsequently being cleaved by the cell into short oligonucleotides of approximately 21 
nucleotides (nt).  These oligonucleotides are then used by the RNAi-induced silencing 
complex (RISC) in a sequence-specific manner to target RNA for degradation (Filipowicz, 
2005).  miRNA-RNAi is similar but the small RNAs are genomically encoded, transcribed in 
the nucleus by RNA polymerase II, take on elaborate secondary structure, then processed 
into short ~21nt RNA duplexes until finally denatured into a single-stranded targeting (guide) 
strand and its complementary (passenger) strand which is subsequently degraded.  This guide 
strand will be used by the RISC either to cleave or to sequester the target mRNA, thus 
preventing its translation (Filipowicz, 2005).  In mammals, both siRNA and miRNAs are 
cleaved into ~21nt RNAs by the enzyme Dicer, and both are utilized by Argonaute 2 (Ago2); 
the distinction is that siRNA requires the minimal RISC of a siRNA with Ago2; miRNA 
processing requires additional proteins and possibly nucleic acids to guide the target mRNA 
into a sequestration processing body (P body) for translation silencing which may or may not 
be reversible (Filipowicz, 2005; Hillebrand et al., 2007).   
 
The absolute minimal requirement for silencing of a target mRNA is the targeting RNA 
(siRNA or miRNA – si/miRNA) and the silencing enzyme Argonaute 2 (Ago2) (Filipowicz, 
2005; Gregory et al., 2005).  Together the si/miRNA and Ago2 comprise the minimal RISC.  
Ago2 is loaded with the si/miRNA to form the RISC by the RISC-loading complex, which is 
 23 
fundamentally the Ago2 associated with two other proteins, Dicer and TRBP (RLC) (Tomari 
et al., 2004b; Tomari et al., 2004a; Pham and Sontheimer, 2005).  Dicer is the enzyme that 
processes exogenous RNA that has folded into secondary structure or precursor miRNAs 
(pre-miRs) into siRNA or miRNA duplexes, respectively, consisting of the mature targeting 
si/miRNA with its complementary strand (Fabian et al., 2010).  TRBP is its double-stranded 
RNA binding partner (Chendrimada et al., 2005; Daniels et al., 2009), the human 
immunodeficiency virus (HIV)-1 transactivating response (TAR) RNA-binding protein 
(Gatignol et al., 1991).  Dicer and TRBP together peel apart the targeting (guide) strand from 
the complementary (passenger) strand and deliver the guide strand to Ago2 as a single-
stranded, mature si/miRNA (Daniels et al., 2009).  Once the si/miRNA is loaded onto Ago2, 
Dicer dissociates, and the resulting RISC can cleave target RNA (Maniataki and Mourelatos, 
2005b).  The constitution of the minimal RISC was validated in 2008 when it was 
reconstituted in vitro from purified recombinant proteins, eluting at ~500kiloDaltons (kDa) 
(MacRae et al., 2008). 
 
In 2007, a complex containing TRBP, Dicer, and AGO2 was identified that is larger than the 
minimal RISC of ~500kDa, measuring approximately 2MDa (Chendrimada et al., 2007).  
The complex was shown to include the minimal RISC along with the large (60S) ribosomal 
particle (but no 40S), MOV10, and eIF6.  Intriguingly, MOV10 has been observed associated 
with FMRP (Stephanie Ceman, unpublished data).  MOV10 has been found at the rat 
synapse, where it can be proteosomally degraded in an NMDAR-dependent manner, 
resulting in a 35% increase in local protein translation (Banerjee et al., 2009).  eIF6 had been 
characterized as a protein that associates with the 60S to prevent the assembly of the 80S 
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translating ribosome (Ceci et al., 2003), and this current study showed in a polyribosome 
profile from HeLa cells knocked down for eIF6, the conversion of the 60S peak to a shoulder 
on the 80S peak, indicating association of the smaller ribosomal subunit with the translation-
competent 80S.  Importantly, eIF6 functions more to inhibit association of the 60S subunit 
with the complete ribosome than to precipitate dissociation of a complete ribosome (Russell 
and Spremulli, 1979; Valenzuela et al., 1982).  Knockdown of either eIF6 or MOV10 in 
HeLa cells ablated the ability to knockdown a reporter construct for let-7b-mediated 
repression (Chendrimada et al., 2007).  This study further showed that eIF6 decreases the 
stability of mRNA targeted by the miRNA pathway (specifically let-7b), and that eIF6 is 
required for this downregulation.  In the discussion, the authors suggest that eIF6-mediated 
translation repression of target mRNA via the miRNA pathway facilitates recruitment of this 
target RNA to P bodies.  A model is proposed for miRNA complexes to utilize eIF6 to stall 
polyribosome assembly.  The target mRNA would then be vulnerable to degradation.  
Corroborating these findings, TRBP was recently shown to interact with eIF6 in the Chinese 
White Shrimp Fenneropenaeus chinensis (also known as the Fleshy Prawn) (Wang et al., 
2009).  It is therefore conceivable that FMRP interacting with these proteins through MOV10 
could participate in the miRNA pathway. 
 
miRNAs in neurons 
 
This thesis will examine the role of FMRP in the neuronal miRNA pathway; therefore, the 
role of miRNAs in neurons will here be introduced.   
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Evidence of the miRNA pathway has been observed in neuronal development.  For example, 
Dicer is expressed in neuronal spines of adult mice, and enriched at postsynaptic densities 
while Ago2 can be found in somatodendritic compartments of neurons and interneurons 
(Lugli et al., 2005).  Additionally, conditional knockout of Dicer in the neural crest lineage of 
mice results in proper neural crest cell migration but drastic decrease in differentiated-cell 
survival, due to apoptosis (Zehir et al., 2010).   
 
miRNA activity also has local effects, such as at the synapse.  For example, the brain-specific 
miRNA (miR)-134 turns off Pumilio 2, a translation repressor, supporting dendritogenesis 
(Fiore et al., 2009).  Furthermore, miR-134 inhibits translation of Limk1, a spine-regulating 
protein kinase (Schratt et al., 2006).  One study examining levels of murine miRs at synapses 
in relation to total forebrain found miR-99a to be enriched in the synaptic fraction, while 
miRs-124, -125b, and -134 were neither enriched nor depleted (Lugli et al., 2008), suggesting 
the importance of specific miRNAs at the synapse.  Additionally, glial miRNAs are required 
for neural homeostasis, such as in lipid maintenance, as seen in conditional Dicer knockdown 
in oligodendrocytes of two-week-old mice (Shin et al., 2009).  In conclusion, miRNAs are 
important modulators of neural function, including at the synapse. 
 
FMRP and miRNAs 
 
A RISC outfitted with a miRNA and no other proteins can act just as a RISC that carries 
siRNA (Filipowicz, 2005), so initial research deducing the key components of both pathways 
treaded through some ambiguity.  It is in an intriguing idea, therefore, that the miRNA 
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pathway is regulated by the cell through actions of accessory proteins.  Because miRNAs 
begin in the nucleus as primary miRNAs (pri-miRs), are processed in the cytoplasm into 
precursor miRNAs (pre-miRs), and only then delivered to Dicer for processing into mature 
miRNAs (miRs) [as reviewed in (Filipowicz, 2005)], there are many steps at which 
regulation can take place.  Additionally, it is still unclear what regulates the transport of 
targeted mRNAs to the synapse and their release into the miRNA processing pathway.  In 
this work we present the hypothesis that FMRP is involved in this regulation.   
 
The first indications that FMRP interacted with components of the miRNA pathway came in 
2002: the fly FMRP was shown to interact with Argonaute and miRNAs (Caudy et al., 2002) 
as well as in a complex with Dicer, a helicase, and ribosomal components (Ishizuka et al., 
2002).  The fly ortholog was also shown to regulate the neural miR-124a (Xu et al., 2008). 
 
Another link between FMRP and the miRNA pathway in neurons was shown by three 
tandem studies (Wu et al., 2005; Hengst et al., 2006; Li et al., 2009).  The mRNA for RhoA, 
an actin cytoskeleton regulator, is distributed to axons and growth cones via its 3’-UTR; once 
there, its translation is regulated locally by Sema3A, resulting in growth cone collapse (Wu et 
al., 2005); this regulation is dependent on FMRP (Li et al., 2009).  Argonaute proteins, along 
with Dicer and FMRP, were then found in these developing axons and growth cones; when 
an exogenous siRNA was provided, knockdown of RhoA resulted, indicating formation of an 
active RISC (Hengst et al., 2006).   
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Further evidence of FMRP interacting with the miRNA pathway is a study that shows 
parallel impairments on neural crest cell lineages when knocking down FMRP vs. Dicer in 
Xenopus laevis (Gessert et al., 2010).  Both conditions result in small, abnormal, or absent 
eyes; and reduced and deformed cranial cartilage.  Finally, FMRP co-purifies from mouse 
neurons with Dicer and Ago2 (Lugli et al., 2005) yet when phosphorylated, FMRP cannot 
associate with Dicer (Cheever and Ceman, 2009a). 
 
It has been suggested that FMRP when phosphorylated binds pre-miRs (Cheever and Ceman, 
2009a).  In one study, FMRP was purified from mouse brain and found to be associated with 
both pre-miRs and mature miRs, while Dicer was found only with pre-miRs, suggesting 
FMRP is involved with bringing pre-miRs to dendrites and/or protecting them from Dicer 
and/or the miRNA pathway (Lugli et al., 2008).  Another study found FMRP associated with 
miRs, notably miR-125a and miR-132 (Edbauer et al., 2010).  It is intriguing that FMRP was 
seen with miR-132 because this miR is necessary and sufficient for rat hippocampal 
spinogenesis (Impey et al., 2010).  miR-132 targets p250GAP, resulting in increased 
miniature excitatory postsynaptic current (mEPSC) frequency and increased GluR1-positive 
spines.   
 
FMRP and mRNA / miRNA transport 
 
With data suggesting that FMRP interacts with pre-miRs (Cheever and Ceman, 2009a), we 
hypothesize that FMRP plays a role in the miRNA pathway by delivering pre-miRs to Dicer.  
As P-FMRP cannot interact with Dicer and also interacts with an increased amount of pre-
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miRs as compared to FMRP, a model presents itself whereby P-FMRP carries pre-miRs, 
protecting them from processing by Dicer, until some signal results in de-phosphorylation of 
P-FMRP; Dicer can move in and process the pre-miRs into mature miRs which then transfer 
to Ago2 as a miRISC.  In the complex, FMRP brings in other proteins that will then guide 
this miRISC for proper action such as sequestration of the miRNA:RNA duplex thereby 
preventing mRNA translation.  mRNA degradation also does not take place; this 
sequestration may therefore be reversible, allowing for local translation that is precisely 
controlled by signaling.  In order to present an argument that FMRP regulates miRNA by 
participating in the dendritic transport of these miRNAs, potentially as pre-miRs, it will here 
be outlined how FMRP has been observed in transport granules. 
 
In 2002 De Diego Otero and colleagues showed that FMRP is transported along microtubules 
into neurites of cultured cells, in the form of granules containing mRNA and ribosomal 
subunits (de Diego Otero et al., 2002). The authors suggest that as not all mRNAs are 
dendritically guided, granules containing FMRP may play a role in guiding specific mRNAs 
to postsynaptic dendrites in order to be translated locally.  Accordingly, a lack of FMRP in 
the cell may result in misrouting these mRNAs and possibly misregulating their translation at 
synapses, leading to the dendritic morphology and potentially impaired learning and 
memory.   
 
In a study on hippocampal neurons, trafficking of dendritic and spinal granules containing 
FMRP and FMR1 mRNA was observed upon mGluR activation (Antar et al., 2004). 
Depolarization at the spines increases granule trafficking.  Conversely, mGluR stimulation 
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decreases FMRP levels at the synapse, while mRNA levels remain constant.  This paper 
therefore shows trafficking of FMRP with cargo mRNAs in the dendrites upon specific 
glutamatergic signaling.  A developmental expression of FMRP in dendrites is shown, with 
especially high synaptic presence during development and later on in maturity.  The 
trafficking is regulated by mGluRs yet not NMDARs.  The authors suggest a possible 
mechanism via protein kinase C (PKC) signaling and increased internal calcium.  Although 
any effect of PKC on FMRP (either direct or downstream) is not known, it has been 
speculated that phosphorylation of FMRP allows it to suppress translation of target mRNAs 
(Ceman et al., 2003). Perhaps a downstream effect in the PKC pathway leads to release of 
translation inhibition by FMRP.  Additionally, if FMRP-null mice cannot properly direct 
cargos to the dendrites, including FMR1 mRNA, to be translated during synaptic activation, 
impaired synaptic translation will result (Antar et al., 2004). Perhaps this impairment 
underlies FXS.  A few months after the release of this previous study, Weiler and colleagues 
showed that stimulating synaptoneurosomes does not lead to protein translation, in the 
absence of FMRP (Weiler et al., 2004). Results of this study suggest that the lack of protein 
translation in the absence of FMRP is a downstream effect of an impaired PKC pathway, just 
as had been hypothesized (Antar et al., 2004).  A model of an FMRP mechanism is presented 
in this study: FMRP binds cargo mRNAs in the cell nucleus, joins granules heading to the 
dendrites via microtubules, and waits in the dendrites on stalled polyribosomes until a signal 
downstream of PKC (which had been activated by mGluRs) results in the release of FMRP’s 
translation inhibition (Weiler et al., 2004).   
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An important question that arose from the theory that FMRP inhibits translation of associated 
mRNA was: where does FMRP collect these mRNA cargoes?  It was recently shown that 
FMRP can bind its mRNA cargo co-transcriptionally, in the nucleus (Kim et al., 2009).  
Moreover, FMRP interacts with Staufen (Ohashi et al., 2002), a protein that is on transport 
granules (Villacé et al., 2004) and involved in nucleo-cytoplasmic shuttling (Monshausen et 
al., 2004).  The nuclear binding is significant because FMRP is involved in a neurological 
disorder and has been shown to regulate translation in neurons [reviewed in (Bassell and 
Warren, 2008)], which have a complex architecture.  Specifically, FMRP can regulate local 
translation at the synapse, which begs the question how did the FMRP and its mRNA cargo 
arrive at the synapse?  FMRP has been shown to be associated with transport proteins (Kanai 
et al., 2004) and also in transport granules in neurons (Dictenberg et al., 2008).  A reasonable 
model would be that FMRP collects its mRNA cargo in the nucleus, suppressing its 
translation whilst transporting it to the synapse, where the suppression could be relieved in 
response to local signals such as neurotransmission.  Since the transport granules are quite 
large (Dictenberg et al., 2008), it is conceivable that the other proteins and potential nucleic 
acids in the granule are involved in the suppression or local translation as well.  It could be a 
portable miRNA-containing structure, which in fact has been suggested (Cougot et al., 2008). 
 
When it was shown that P-FMRP associates with pre-miRs (Cheever and Ceman, 2009a) and 
is also seen on transport granules (Narayanan et al., 2007), we hypothesized that just as 
FMRP transports mRNA cargoes to the dendrites, it may transport pre-miRs as well, 
potentially in the same granule although equally possibly in unique granules.  In Chapter 5 
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we will explore the hypothesis that FMRP and possibly P-FMRP is involved in the transport 
of pre-miRs and mRNAs to the synapse for regulated entry into the miRNA pathway. 
 
In conclusion, this dissertation will explore the role of FMRP in development of a neural 
network, namely the song circuit of the zebra finch, and also in the neuronal miRNA 
pathway.  Chapter 2 will show the expression of the protein in zebra finch cerebral song 
regions, called song nuclei, and how this expression is variable across development; Chapter 
3 will examine a potential cause of this variable expression.  An ideal next step would be to 
discover the result of removing FMRP from the song system; an approach for this removal 
will be introduced in Chapter 4.  FMRP is also involved in brain development at the cellular 
level.  Chapter 5 will explore the role of FMRP in neurons, specifically as a player in the 
microRNA pathway for translation regulation.  Finally, Chapter 6 will propose future 
experiments and considerations for the songbird model of FXS.  
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Fig. 1.  Map of the zebra finch ‘song circuit’.  HVC: letter-based name; DLM: 
DorsoLateral Medial nucleus of the thalamus; LMAN: Lateral Magnocellular nucleus of 
the Anterior Nidopallium; nXIIts: nucleus trachiosyringealis of cranial nerve XII; RA: 
Robust nucleus of the Arcopallium. Anterior Forebrain Pathway for song learning shown 
in dashed lines; Posterior Pathway for song production shown in solid lines.  (Rostral [R] 
left; Ventral [V] down.  Not drawn to scale.) 
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Chapter 2 
Expression of Fragile X Mental Retardation Protein Within the Vocal Control System 
of Developing and Adult Male Zebra Finches  
 
This Chapter has been published previously, under the same title, as Winograd C, Clayton D, 
and Ceman S (2008) Neuroscience 157(1): 132-42. 
 
Abstract 
 
Individuals with fragile X syndrome (FXS) are cognitively impaired and have marked speech 
delays and deficits. Our goal was to characterize expression of FMRP, the fragile X mental 
retardation protein, encoded by the gene FMR1, in an animal model that learns to vocalize, 
namely the zebra finch Taeniopygia guttata (Tgu).  We cloned and sequenced the zebra finch 
ortholog of FMR1 (TguFmr1) and developed an antibody that recognizes TguFmrp 
specifically.  TguFmrp has structural features similar to its human ortholog FMRP.  Because 
FXS patients exhibit sensorimotor deficits, we examined TguFmrp expression prior to, 
during, and after sensorimotor song learning in zebra finches.  We found that TguFmrp is 
expressed throughout the brain and in four major song nuclei of the male zebra finch brain, 
primarily in neurons. Additionally, prior to sensorimotor learning, we observed elevated 
TguFmrp expression in the RA of post-hatch day 30 males, compared to the surrounding 
telencephalon, suggesting a preparation for this stage of song learning.  Finally, we observed 
variable TguFmrp expression in the RA of adolescent and adult males: in some males it was 
elevated and in others it was comparable to the surrounding telencephalon.  In summary, we 
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have characterized the zebra finch ortholog of FMRP and found elevated levels in the 
premotor nucleus RA at a key developmental stage for vocal learning. 
 
Introduction 
 
Fragile X syndrome (FXS) is the most commonly inherited intellectual disability, affecting 
1:4000 males and 1:6000 females panethnically (O'Donnell and Warren, 2002). The gene 
encoding the human fragile X mental retardation protein (FMRP in humans; Fmrp in mice 
and rats; TguFmrp in zebra finch [Taeniopygia guttata]) is FMR1; FXS primarily results 
from the absence of FMRP (Pieretti et al., 1991).  FMRP is an RNA-binding protein involved 
in localization and translation regulation of its mRNA cargos (Terracciano et al., 2005).   The 
FMR1 gene is expressed ubiquitously in the body, excluding the muscles, and predominantly 
in the testes and brain (Bächner et al., 1993; Devys et al., 1993; Hergersberg et al., 1995).  
Within the brain the protein is primarily neuronal (Devys et al., 1993), predominantly in the 
cytoplasm.  Furthermore, it has been observed in both dendrites (Feng et al., 1997; Weiler et 
al., 1997; Greenough et al., 2001; Antar et al., 2004; Ling et al., 2004; Antar et al., 2005) and 
axons (Antar et al., 2006; Price et al., 2006; Tessier and Broadie, 2008).   
 
Males with FXS exhibit delays in speech and language development (Ferrando-Lucas et al., 
2003; Roberts et al., 2005; Abbeduto et al., 2007), with vocalization deficits from preschool 
through adolescence (Dykens et al., 1993; Bailey et al., 1998; Kau et al., 2002; Roberts et al., 
2007c).  FXS vocalization includes perseveration, which is the repetition of a word or phrase, 
and abnormal prosody such as arrhythmia or inconsistent pronunciation of vowels.  
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Importantly, these vocalization characteristics are not simply due to intellectual disability – 
they are distinct from those of Down Syndrome or idiopathic intellectual disability (Wolf-
Schein et al., 1987; Sudhalter et al., 1990; Ferrier et al., 1991; Belser and Sudhalter, 2001). 
Kids with FXS perseverated significantly more than typical, developmentally-age matched 
(TD) controls and children with Down Syndrome (Roberts et al., 2007a).  Further, FXS 
children have significantly lower expressive language skills than TD controls, but they still 
performed significantly better than kids with Down Syndrome (Roberts et al., 2007b).  It is 
therefore appropriate to question the role of FMRP in normal vocal learning.  
 
An excellent model organism for the study of speech pathology is the songbird zebra finch 
(Taeniopygia guttata).  Like humans, songbirds are vocal learners – they have a sensitive 
period during early development in which they must hear adult vocalizations, as well as their 
own, to learn to properly vocalize (Doupe and Kuhl, 1999; Brainard and Doupe, 2002; 
Wilbrecht and Nottebohm, 2003).  The process by which a zebra finch learns to vocalize is 
highly similar to the manner in which humans learn to speak (Doupe and Kuhl, 1999; Doupe 
et al., 2005).   Song learning takes place in two overlapping periods – sensory, from 
approximately post-hatch day 25 or P25 (day of hatch = P1) until ~P65 (equivalent to human 
adolescence just before puberty) and sensorimotor, from ~P35 until sexual maturity at ~P90 
(White, 2001).   The song no longer changes after sexual maturity and is said to be 
crystallized (Doupe and Kuhl, 1999).  In humans, babbling begins at about month 7, followed 
by the first true word spoken at about 1 year, with continued vocal learning that diminishes 
markedly after sexual maturity (Doupe and Kuhl, 1999). Intriguingly, FXS individuals show 
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impaired sensorimotor development, evident even before completion of the first year (Bailey 
et al., 2003; Baranek et al., 2005). 
 
The neuronal circuitry for song learning and production (the ‘song circuit’) has been well 
characterized and includes nuclei in cortical, thalamic, and basal ganglia regions (Fig. 2). The 
pre-motor output nucleus of the telencephalic control system is the Robust nucleus of the 
Arcopallium (RA), and its major input develops at ~P30, just preceding the onset of the 
sensorimotor phase of song learning (Konishi and Akutagawa, 1985; Mooney and Rao, 
1994).  Here we identify the zebra finch ortholog of FMRP (TguFmrp) and show its high 
similarity to human, mouse, and chicken orthologs.  Additionally, we describe a novel 
antibody specific to TguFmrp, with which we show expression throughout neurons with 
increased expression in the RA nucleus of P30 males and variable expression in adolescent 
and adult males, indicating a role for TguFmrp in song circuit plasticity and thereby possibly 
in human vocal learning.  
 
Materials and Methods 
 
TguFmr1 and TguFmrp sequence generation   
 
The complete sequence (4.2 Kb) was assembled from three shorter overlapping fragments: a 
PCR amplified open reading frame containing the translation start site through 57 nucleotides 
upstream of the translation stop site; and two overlapping EST clones containing combined 
sequence from 185 nucleotides upstream of the translation stop site through the poly-A tail. 
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ESTs #SB03027A1E03.f1 and 0065P0010A12 were generously provided by David F. 
Clayton and Erich D. Jarvis, respectively.  For the PCR, total RNA was harvested from a 
male zebra finch brain using the QIAGEN RNeasy Mini Kit (QIAGEN Sciences, Valencia, 
CA).  cDNA was made using the BD SMART RACE cDNA Amplification Kit (BD 
Biosciences, San Jose, CA).  PCR amplification was carried out using the following primers, 
each written 5’ to 3’ (note that the central primer was used in both directions): START: 
ATGGAGGAGCTGGTGGTGG; EXON6: ATGCTGATTGATATGCACTTTCG; A12-0: 
GGGGTTCCGCTCCTTGCCCG. Primers START and EXON6 were designed to conserved 
regions between human, mouse, and chicken Fmr1, that did not overlap with the mammalian 
autosomal homologs Fxr1 and Fxr2 (Siomi et al., 1995; Zhang et al., 1995).  A12-0 was 
designed from the known sequence of EST #0065P0010A12.  The amplified sequences were 
cloned into the pCRII vector using the TA Cloning Kit Dual Promoter (pCRII) (Invitrogen, 
Carlsbad, CA) and multiple clones were sequenced in both directions at the UIUC Core 
Sequencing Facility (https://unicorn.biotec.uiuc.edu/).  For sequence from START to 
EXON6, 10 clones were sequenced; for EXON6 to A12-0, 18 clones were sequenced.  
Sequences for TguFmr1 and TguFmrp were both deposited into NCBI GenBank as accession 
number EU555184. 
 
Protein alignment  
 
Zebra finch and chicken sequences (XM_420363) were translated using DNA Strider and 
aligned to the human (NP_002015) and mouse (NP_03257) protein sequences using EBI 
ClustalW2 (available at http://www.ebi.ac.uk/Tools/clustalw2/index.html).  Alignment at the 
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coding nucleotide level was calculated using NCBI bl2seq (available at 
http://www.ncbi.nlm.nih.gov/blast/bl2seq/wblast2.cgi).   
 
Northern blot and production of DIG-labeled riboprobe 
 
The northern blot was carried out as described (Zayas et al., 2005), using CSPD (Disodium 3-
(4-methoxyspiro (1,2-dioxetane-3,2-(5-chloro)tricyclo [3.3.1.13,7]decan)-4-yl)phenyl 
phosphate) (Roche Applied Sciences, Indianapolis, IN) instead of CDP-Star as the 
chemiluminescent substrate.  A CSPD working solution was made according to 
manufacturer’s instructions.  The probe was a Digoxigenin (DIG)-labeled RNA probe 
synthesized using the DIG RNA Labeling Kit (Roche Applied Sciences), off a plasmid 
template that contained an insert of a PCR-amplified fragment from the 3’-UTR of TguFmr1.  
Primers used to amplify this fragment were (both written 5’!3’) were FMR1LEFT: 
CATTGTTACTGAGGGAACAAGTGTA and FMR1RIGHT: 
TGCCCAGTAAGTTTAACGTGTG.  To measure the size of the TguFmr1 transcript, avian 
rRNA subunits were measured against murine rRNA, Fmr1 mRNA, and an RNA ladder and 
calculated to measure 4.25 and 2.0Kb (data not shown).  We used these values as size 
markers with which to calculate the length of the TguFmr1 transcript. 
 
ORF construction / Sewing PCR. 
 
Two cloned sequences were united into one construct encoding the entire open reading frame 
(ORF) of TguFmr1 via ‘bridging’ or ‘sewing’ PCR (described in (Liu et al., 2002)).  Briefly, 
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in sewing PCR two segments of DNA with short overlapping terminal regions are annealed 
together; the short overlapping region effectively serves as a primer for the full-length fusion.  
Here, the two shorter sequences joined together were the two PCR amplified pieces described 
above under sequence generation; they overlapped at EXON6.  An EcoRI site was added to 
the 5’-end using primer EcoRIFMR1 
(GGAGAATTCGATGGAGGAGCTGGTGGTGGAGGTGCGG) and a BamHI site was 
added 84 nucleotides downstream of the translation stop site using primer A12BAMHI 
(5’!3’ GCCCGGATCCATCTTGCCTACTATT).  This final sequence was cloned into 
pEGFP-C1 (BD Biosciences) using the EcoRI and BamHI sites.  The protein product will be 
described as TguFmrp-EGFP.  
 
Western blot 
 
The western blots were carried out using the following antibodies: affinity-purified 
polyclonal anti-TguFmrp produced by Abgent (San Diego, CA) to the TguFmrp-specific 
peptide sequence KERNPKKEKT; monoclonal anti-EGFP (Clontech, Mountain View, CA); 
polyclonal anti-eukaryotic translation initiation factor 5 (anti-eIF5, Santa Cruz 
Biotechnology, Santa Cruz, CA); and monoclonal antibody 1a, derived against human FMRP 
(Devys et al., 1993).  Cos-7 cells were transfected with an EGFP vector containing the 
TguFmrp ORF (see above) using Lipofectamine 2000 (Invitrogen, as per manufacturer’s 
instructions) or mock-transfected.  Protein extracts from zebra finch brain and muscle were 
prepared as described (George et al., 1995).  
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Immunoprecipitation (IP)   
 
Cos-7 cells were transfected or mock-transfected with transgene encoding TguFmrp-EGFP as 
described for the western blot and total protein lysate was immunoprecipitated with anti-
TguFmrp coupled to protein A sepharose beads.  Immunoprecipitate was used for western 
blot.  
 
Sizing of TguFmrp  
 
The predicted amino acid sequence for TguFmrp was sized by the Compute pI/Mw tool on 
the ExPASy Proteomics tools server (available at http://ca.expasy.org/tools/pi_tool.html). 
 
Immunocytochemistry (ICC) 
 
Cos-7 cells were transfected or mock-transfected with transgene encoding TguFmrp-EGFP as 
described for the western blot, in 4-chamber culture slides (BD Falcon via BD Biosciences).  
After 24h, cells were fixed using 4% formaldehyde with 4% glucose in PBS and 
permeabilized with 0.2% Triton X-100 in PBS.  Next the cells were blocked in 2% bovine 
serum albumin, 2% newborn calf serum, 0.2% Tween 20, and 0.02% NaN3 then stained using 
anti-TguFmrp followed by anti-rabbit rhodamine-red (Jackson ImmunoResearch 
Laboratories, West Grove, PA), and mounted with fluoro-protectant mounting media (0.2% 
DABCO) containing 1ug/mL DAPI.  Cells were then imaged using a Zeiss AxioVert 200M 
Microscope (Carl Zeiss, Germany).   
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Collection and storage of tissue for immunohistochemistry (IHC) 
 
Birds were decapitated and the brains rapidly frozen in TissueTek O.C.T. (VWR, Batavia, 
IL), in brain molds  (Polysciences, Inc., Warrington, PA) submerged in dry ice.  The process 
of dissection to freezing took approximately three minutes.  The brains were then sectioned 
in 20-micrometer sections using a Cryostat.  Sections were thaw-mounted onto 3-
Triethoxysilylpropylamine (TESPA)-coated microscope slides and stored frozen at -80C until 
used.  
 
Cresyl Violet stains for anatomy 
 
Every fifth slide was stained with cresyl violet to identify the anatomy.  Briefly, sections 
were fixed in 10% formalin then gradually dehydrated through increasing concentrations of 
EtOH and allowed to air-dry.  Next, sections were rehydratd through decreasing 
concentrations of EtOH, stained with 0.5% cresyl violet (Acros Organics via Fisher 
Scientific, Hanover Park, IL) in water, and dehydrated through increasing concentrations of 
EtOH.  Finally, sections were cleared with HistoChoice clearing agent (Sigma-Aldrich, St. 
Louis, MO) and mounted with DPX Mountant (Fluka via Sigma-Aldrich), and allowed to dry 
overnight.  Sections were imaged as described for IHC. 
 
Fluorescent double-label immunohistochemistry 
 
 42 
Sections containing RA were fixed in 10% formalin then dehydrated through increasing 
concentrations of EtOH.  Next the sections were rehydrated in PBS, blocked in 5% normal 
donkey serum, and incubated with the first primary antibody, anti-TguFmrp.  The secondary 
antibody was donkey anti-rabbit rhodamine-red (Jackson ImmunoResearch Laboratories).  
Next the sections were incubated with the second primary antibody, anti-NeuN (Chemicon 
International via Millipore, Charlottesville, VA) followed by donkey anti-mouse Cy2 
(Jackson ImmunoResearch Laboratories).  Finally, coverslips were mounted and sections 
imaged as for ICC, above. 
 
DAB-Immunohistochemistry 
 
Sections containing RA were fixed in 10% formalin then dehydrated through increasing 
concentrations of EtOH, blocked with 0.3% normal goat serum, incubated with 0.3% H2O2 to 
quench endogenous peroxidase activity, then stained using the Vectastain ABC System as per 
manufacturer’s instructions (Vector Laboratories, Burlingame, CA).  The primary antibody 
used was anti-TguFmrp.  HRP immunoreactivity was visualized using SigmaFast DAB with 
Metal Enhancer (Sigma-Aldrich). 
 
Semi-quantification of TguFmrp expression (ROD) 
 
Sections were visualized at 10x or 20x magnification using a Zeiss AxioVert 200M 
Microscope.  The images were all exposed under optimal digital conditions, such that the 
mean pixel grayscale intensity was centered between 0 and 4095 gray values.  Condenser 
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aperture and transmitted light intensity were kept constant at 0.55 n.a. and 2.9V, respectively.  
Images were acquired using a 12bit camera, and converted post-acquisition to 8bit, in which 
there are 255 gray levels between 0 (black) and (255 white). Tiles (individual images) were 
merged into a single mosaic using AxioVision software, release 4.6, to give one image.  8bit 
mosaic images were analyzed using AxioVision release 4.6 or 4.5 for mean pixel grayscale 
intensity of selected regions.  Five regions within and immediately rostral to the RA nucleus 
were measured per section, and at least 15 sections were examined per age group.  A ratio 
was taken of the average pixel grayscale intensity, to give the relative optical density (ROD) 
of TguFmrp immunoreactivity in the RA compared to the surrounding brain region.  An 
ROD value greater than 1 indicates greater TguFmrp expression in the RA than in the 
surrounding telencephalon.  
 
Statistical analysis 
 
To determine if all three finches per treatment were equivalent to each other, the individual 
average ratios were compared using an ANOVA, allowing a probability of type I error or 
alpha of 0.05.  If the individual ratios were determined to be in the same distribution, a 
statistical test for the mean ratio and its difference from 1 (“z-test”) was used to determine if 
there was a significant difference in TguFmrp immunoreactivity in the RA neuropil 
compared to that in rostral telencephalon neuropil, again allowing a probability of type I error 
or alpha of 0.05. 
 
Animals 
 44 
 
All experiments were performed under protocols approved by the University of Illinois 
Laboratory Animal Care Advisory Committee.  Zebra finches were bred and raised in an 
aviary of the Beckman Institute animal facility.  All birds were kept on a 12 hr light/dark 
cycle in flight cages approximately 36” wide x 48” deep x 72” high, and sacrificed in the 
early afternoon.   
 
Results 
 
The zebra finch ortholog is highly homologous to human FMRP but lacks exons 11 and 
12.  
 
To begin this study, we constructed the TguFmr1 cDNA sequence from the coding start site 
through the poly-A tail (see Methods). At the nucleotide level, TguFmr1 is most similar to 
the chicken (Gallus gallus) sequence  (90% identity in the coding sequence), which is the 
only other avian species that has been sequenced for Fmr1 (Price et al., 1996).  TguFmr1 is 
85% and 84% identical to the coding region of the human and murine orthologs, FMR1 and 
Fmr1, respectively (data not shown).  We next compared the protein sequences and found 
that all of the orthologs had a strong identity at the amino acid level, indicated by the stars 
below the alignment (Fig. 2). TguFmrp contains the conserved RNA binding motifs, the KH1 
and KH2 domains and the RGG box (Siomi et al., 1993) (Fig. 3).  Also conserved is the 
isoleucine in the KH2 domain (at position 304 in the human protein) that when mutated 
results in a severe FXS phenotype (De Boulle et al., 1993). The serine that is the primary 
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phospho-acceptor (murine serine 499/human serine 500) (Ceman et al., 2003) and flanking 
serines are also conserved (Figure 3).  In contrast, a striking difference was observed between 
the avian and mammalian orthologs where the TguFmrp and GgFmrp are lacking mammalian 
sequence residues 330-396, which correspond to exons 11 and 12.  FMRP has multiple splice 
sites from human exons 9-17 (Eichler et al., 1993); to rule out that we had cloned a splice 
variant, we sequenced at least 10 additional clones and found the same result.  Exons 11 and 
12 are also absent from the fruit fly Drosophila melanogaster (Wan et al., 2000), the zebra 
fish Danio rerio (Tucker et al., 2004), and the frog Xenopus tropicalis (Blonden et al., 2005) 
orthologs, as well as from the mammalian autosomal paralogs Fxr1 and Fxr2 (Siomi et al., 
1995).  Thus, the zebra finch ortholog of Fmrp is highly similar to the mammalian orthologs 
but is most similar to the chicken ortholog.   
 
To determine the size of the TguFmr1 transcript and to confirm the absence of sequence 
corresponding to mammalian exons 11 and 12 in the TguFmr1 cDNA sequence, we 
performed a northern blot using total zebra finch mRNA harvested from brain (Fig. 4).  
FMR1 mRNA measures 4.8 kilobases (Kb) (Verkerk et al., 1991) and we predicted TguFmr1 
mRNA to be shorter. Indeed we calculated the mature TguFmr1 transcript to be 3.4kB in 
size.  We suspect the larger, fainter band at 5.0Kb represents prespliced, heterogeneous 
nuclear RNA for TguFmr1 because no spliceforms were noted in the 28 clones sequenced 
(see Experimental Procedures).  
 
Development and characterization of a novel polyclonal antibody specific for TguFmrp. 
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With the protein sequence of TguFmrp determined, we next developed a specific antibody.  
As mentioned above, there are two autosomal paralogs of FMRP – Fxr1 and Fxr2 (Siomi et 
al., 1995; Zhang et al., 1995).  Thus, a consideration in producing the antibody was to choose 
an epitope that was not present in the zebra finch paralogs.  ESTs corresponding to zebra 
finch Fxr1 are present in the songbird database (SB02003A2H12.f2 and SB03035B2E05.f1); 
however the full-length sequence of TguFxr1 is not yet completed.  The second paralog Fxr2 
has not yet been identified in zebra finch.  Interestingly, Xenopus tropicalis is also lacking 
Fxr2 (Blonden et al., 2005).  Thus, in the absence of a complete TguFxr1 sequence, we chose 
the epitope KERNPKKEKT that was unique to TguFmrp by identifying a stretch of 
hydrophilic residues in the C-terminal end, where FMRP does not overlap with Fxr1 and 
Fxr2 or with GgFxr1 (data not shown).  By BLAST search of the songbird EST collection, 
this sequence does not align with any other known or putative proteins in the zebra finch 
(data not shown). 
 
 We obtained two affinity-purified rabbit antisera to the KERNPKKEKT peptide (23 and 24; 
hereafter interchangeably referred to as the anti-TguFmrp antibody).   We determined their 
specificity to TguFmrp in an immunoblot by analyzing lysates prepared from either mock-
transfected (M) or transiently transfected TguFmrp-EGFP in Cos-7 cells (Fig. 5A).  The 
EGFP antibody identified the transgene-encoded protein, which was the same size as the 
protein identified by anti-TguFmrp, suggesting that the antisera recognized TguFmrp 
encoded by transgene in an immunoblot.  To unequivocally demonstrate that it was 
TguFmrp-EGFP recognized by both antibodies, we immunoprecipitated mock transfected or 
TguFmrp-EGFP expressing Cos-7 cells with the anti-TguFmrp antibody and found that it 
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specifically immunoprecipitated the Fmr-fusion construct as visualized with the EGFP 
antibody (Fig. 5B).  Taken together, our data show that the anti-TguFmrp antisera can 
specifically recognize and immunoprecipitate TguFmrp.   
 
 Next, it was critical to determine that the anti-TguFmrp antibody recognized endogenous 
TguFmrp in zebra finch brain lysate (Fig. 5C).  Total protein was harvested from samples of 
male finch male pectoral muscle (Mu), brain (Br) and Cos-7 cells mock-transfected (M) and 
transgene transfected (TxF), as a negative and positive control, respectively.   Brain TguFmrp 
was recognized by anti-TguFmrp and observed to run at ~75 kDa (Br in Fig. 5C). The EGFP 
tag adds approximately 28 kDa to the size of the native protein; thus, the antibody detected a 
103kDa fusion protein in the Cos-7 transfected cells (TxF in Fig. 5C). Importantly, there was 
no reactivity with the muscle extract, which expresses Fxr1 and not Fmrp (Khandjian et al., 
1998). To confirm that Fxr1 was indeed present in muscle extract, the membrane was re-
probed with anti-Fmrp 1a (Devys et al., 1993), which cross-reacts with Fxr1 (Mazroui et al., 
2003) (Fig. 5C, lower).   Thus, zebra finch Fxr1 is present in muscle extract but the anti-
TguFmrp antibody does not recognize it, leading us to conclude that this antibody is specific 
for TguFmrp and recognizes it in brain extracts.  
 
 To determine whether we could use this reagent for immunostains, we transiently transfected 
Cos-7 cells with TguFmrp-EGFP and performed immunocytochemistry (ICC) with the anti-
TguFmrp antibody.  We found complete overlap between EGFP expression (green) and 
reactivity with the antibody, as visualized using a rhodamine-coupled secondary antibody 
(red, Fig. 5D).  Importantly, we saw no staining of nontransfected cells, which were 
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identified with DAPI stain (Fig. 5D, arrows).  Our results indicate that the anti-TguFmrp 
antibody can be used for specific immunohistology, reacting only with cells expressing 
TguFmrp.   
 
TguFmrp is expressed in male song nuclei and this expression is restricted to neurons. 
 
Confident that our antibody could specifically detect TguFmrp, we next examined brain 
sections for expression of TguFmrp in the song nuclei (Fig. 6). Because FXS patients have 
impaired sensorimotor function, and in finches the sensorimotor period begins around day 
P35, we chose to examine finches at the three ages of P30, P60, and Adult (>P90), to address 
periods prior to, during, and after sensorimotor learning, respectively.  We first identified 
brain sections that contained the song nuclei HVC and RA by cresyl violet staining (Fig. 6A).  
We then stained subsequent sections with the anti-TguFmrp antibody, visualized with a 
secondary antibody coupled to rhodamine (red).  We identified neurons with an antibody 
against the neuronal marker NeuN (green) and all cells with the nuclear DAPI stain (blue).  
Cell bodies expressing TguFmrp colocalized with cells expressing NeuN (Fig. 6 lower right 
panels).  We also identified a number of small cells that stained with DAPI but neither 
TguFmrp nor NeuN. Since they were not neuronal, we suspect that they were glial cells, 
which express little or no Fmrp (Feng et al., 1997; Wang et al., 2004; Pacey and Doering, 
2007). Using cresyl violet staining, we identified more medial sections containing the song 
nuclei LMAN and Area X (Fig. 6B).  Again, we found results similar to those shown in Fig. 
5A where TguFmrp colocalized with the NeuN marker, indicating that TguFmrp is expressed 
 49 
in neurons.  Taken together, our results show that TguFmrp is expressed in the song nuclei 
HVC, RA, LMAN and Area X of male zebra finches in a neuron-specific manner. 
 
TguFmrp expression is elevated at P30 and varies in the RA nucleus during and after 
the sensorimotor learning period. 
 
After determining that TguFmrp was expressed in neurons in all brain regions examined and 
at all ages examined, we evaluated the song nuclei HVC, Area X, LMAN, and RA at a lower 
magnification.  We observed elevated TguFmrp expression in the RA nucleus, compared to 
the surrounding telencephalon for all three ages (Fig. 7A-C, red, above the arrows).  We did 
not observe disparate TguFmrp expression in the cell bodies (data not shown) nor did we see 
elevated TguFmrp expression in any of the other song nuclei (data not shown).  To visualize 
the entire RA, we performed immunohistochemistry (IHC) with 3,3’-diaminobenzadine 
(DAB-IHC).  Similar to the results obtained by fluorescent immunostain, we saw TguFmrp 
staining throughout the telencephalon, with more TguFmrp in the RA in male P30 finches 
(Figs. 7D and E); however, the strikingly elevated expression of TguFmrp in the RA nucleus 
was not consistently observed in all of the adolescent (P60) and adult males (Figs. 7F-I).  In 
fact, there was variability in TguFmrp expression in the P60 and Adult males, ranging from 
no or low elevation (Figs. 7F, H) to highly elevated expression (compare Fig. 7F to Fig. 7G 
and Fig. 7H to Fig. 7I).  The staining is specific since preabsorbing the anti-TguFmrp 
antiserum with the immunizing peptide completely eliminated reactivity to RA (data not 
shown).  As expected, similar analysis of other song regions showed no difference in 
TguFmrp expression as compared to the surrounding telencephalon (data not shown). 
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To semi-quantify the relative amount of TguFmrp in the RA, compared to the flanking 
telencephalon, relative optical density (ROD) values were determined (see Methods), such 
that a value greater than 1 indicated more TguFmrp in the RA than in the surrounding 
telencephalon (Table 1). Analysis of three P30 males showed significantly more TguFmrp 
expression in the RA of all three birds (analyzed by z-test); these birds also fell into the same 
distribution (analyzed by ANOVA) and their ROD values could therefore be combined to 
show a significant increase of TguFmrp expression in the RA nucleus of male P30 zebra 
finches than in the surrounding telencephalon.  
 
Out of the three P60 males, two males had significantly increased TguFmrp expression in the 
RA nucleus; all three Adult males had significantly increased TguFmrp expression in the RA 
nucleus, although one had significantly less than the other 2 (Table 1).  By ANOVA analysis, 
the three ROD values for each of the older age groups did not fall into the same distribution 
and therefore could not be averaged to provide a mean ratio of TguFmrp stain intensity in the 
RA nucleus as compared to the surrounding telencephalon.  We saw no birds in which the 
TguFmrp expression in the RA nucleus was lower than in the surrounding telencephalon.  
We therefore conclude that TguFmrp expression in the RA nucleus is clearly elevated at P30 
with more variable expression at older ages.   
 
To ask when this elevation first occurs, we performed a similar analysis on one male P23 and 
one male P27 and did not observe elevated TguFmrp levels in the RA or any other brain 
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region (Table 1).  Our preliminary data suggest that the elevated expression of TguFmrp in 
the RA nucleus consistently observed at P30 begins after P27.   
 
Discussion 
 
We found that the zebra finch Taeniopygia guttata Fmr1 cDNA and protein product are 
remarkably homologous to their human ortholog FMRP with the notable exception that exons 
11 and 12 are absent from the zebra finch cDNA.  Using a specific antibody, we found that 
TguFmrp is expressed in neurons throughout the brain and in the song nuclei of male P30 
zebra finches, and that this increased expression is variable in RA in adolescent and adult 
males: it is elevated in some birds and unchanged in others. Our results establish that 
TguFmrp is present at a key place and time in the developing song system and thus may 
participate in the cellular and synaptic changes that are occurring in sensorimotor learning.  It 
will be interesting to determine at what age this elevation first presents; preliminary work 
suggests that it is after P27.   
 
Synaptic plasticity in the RA has been proposed as a primary mechanism for song learning 
and production (Mooney, 1992; Stark and Perkel, 1999; Fee et al., 2004). RA lies at the 
convergence of the Anterior Forebrain Pathway and the Posterior Pathway (Figure 2) and is 
required for song production (Nottebohm et al., 1976).  The RA receives input from both the 
HVC and LMAN, as well as intrinsic interneurons, and therefore is not merely a relay 
nucleus from the HVC to the motor nucleus nXIIts (Spiro et al., 1999).  HVC is a nucleus 
critical for song production; when lesioned in an adult male, major deficits in song structure 
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are observed (Nottebohm et al., 1976).  LMAN is also a nucleus critical for song learning; 
when lesioned in a juvenile male, the plastic song crystallizes too early, suggesting that input 
from LMAN is critical for introducing the variability that is required to produce a mature 
song (Scharff and Nottebohm, 1991; Ölveczky et al., 2005). Additionally, the RA receives 
input from the Ventral Palleostriatum (VP – analogous to the mammalian Nucleus Basalis 
Magnocellularis (NBM) (Li and Sakaguchi, 1997), which does in fact show strong FMR1 
expression (Abitbol et al., 1993). The mammalian NBM is critical for distinguishing relevant 
from irrelevant sensory stimuli (Wenk, 1997), and the finch VP receives auditory input.  
Together these studies support a role for TguFmrp in sensorimotor learning, as during this 
stage the adolescent male compares his song to that of his tutor. 
 
At P30 when we detected elevated TguFmrp in RA, the young male is actively listening to 
his adult male tutor and just beginning the immature vocalizations that will be shaped over 
the following weeks into a close copy of his tutor’s performance. By this age, axons from 
nucleus HVC have just begun to enter RA (Konishi and Akutagawa, 1985; Mooney and Rao, 
1994; Holloway and Clayton, 2001), forming synapses onto the dendrites of neurons that 
already receive synapses from LMAN (Canady et al., 1988). Sometime during the next three 
weeks, the terminals from LMAN projections will double in size and decrease in number by 
half, implying a major change in the organization of RA dendrites (Herrmann and Arnold, 
1991).  
 
 Since Fmrp is required for normal dendritic spine maturation (Weiler and Greenough, 1999; 
Greenough et al., 2001; Michel et al., 2004), we propose that the component of the RA 
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nucleus in which TguFmrp is elevated is the reorganizing dendritic compartment.  We further 
hypothesize that TguFmrp is necessary for the synaptic maturation in RA associated with 
sensorimotor learning. In contrast, TguFmrp may not be necessary for production of mature 
vocalizations, since in humans, fragile X individuals are capable of vocalization. We also 
note that Fmrp has been reported in axons (Antar et al., 2006; Price et al., 2006; Tessier and 
Broadie, 2008). Thus it is formally possible that the increased TguFmrp in the RA is 
contributed by axons from HVC, LMAN, or VP instead of or in addition to the dendrites of 
RA neurons. It should be possible to test all of these hypotheses in zebra finches using viral 
vector-mediated knockdown of the mRNA, as recently applied in a test of FoxP2 mRNA 
function in nucleus Area X (Haesler et al., 2007). 
 
Elevated Fmrp in brain neuropil has been previously reported in other experimental models.  
Fmrp levels transiently increased in the neuropil of visual cortex in rats reared in the dark and 
then exposed to light (Gabel et al., 2004).  Further, neuropil Fmrp levels are increased in 
response to enriched environment, as well as to whisker stimulation when barrel cortex was 
examined (Irwin et al., 2000; Todd and Mack, 2000; Irwin et al., 2005).   
 
The zebra finch model, however, offers a unique opportunity to explore the functional 
consequences of Fmrp expression on vocal development, an important aspect of the fragile X 
syndrome. It is our hope that future researchers can utilize this model to develop novel 
therapeutic techniques that will ameliorate the speech deficit seen in FXS. 
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Fig. 2.  Map of the zebra finch ‘song circuit’.  HVC: letter-based name; DLM: 
DorsoLateral Medial nucleus of the thalamus; LMAN: Lateral Magnocellular nucleus of the 
Anterior Nidopallium; nXIIts: nucleus trachiosyringealis of cranial nerve XII; RA: Robust 
nucleus of the Arcopallium. Anterior Forebrain Pathway for song learning shown in blue; 
Posterior Pathway for song production in red.  (Rostral [R] left; Ventral [V] down.  Not 
drawn to scale.) 
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Fig. 3.  Alignment of Fmr orthologs of mouse, human, zebra finch, and chicken Fmr 
proteins.  The alignment was performed using ClustalW. Stars indicate identical residues; 
dots denote similarity (residues with two dots are more similar than those with one). The 
human sequence is accession number NP_002015; mouse is NP_03257.  (Continued) 
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(Fig. 3, cont.) Zebra finch cDNA sequence (see methods) was translated using DNA Strider. 
The chicken cDNA sequence (accession number XM_420363) was translated using DNA 
Strider.  Colors: KH1 and KH2 are shown in brown and the RGG box in purple according to 
(Siomi et al., 1993); anti-TguFmrp epitope is shown in green; the isoleucine converted to 
asparagines in one severe case of FXS (De Boulle et al., 1993) is underlined and in bold font 
within the KH2 domain; the primary phosphorylation site of FMRP and Fmrp (Ceman et al., 
2003) is shown in blue. 
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Fig. 4.  TguFmr1 mRNA runs at 3.4Kb.  Total RNA was prepared from songbird brain and 
20ug was resolved on a 1.2% agarose/formaldehyde gel and probed with a digoxigenin-
labeled riboprobe specific to TguFmr1. Markers indicating sizes in kilobases (Kb) are shown 
on the left. To measure the transcript length, a standard curve was generated using ribosomal 
RNA (rRNA) of subunits as size markers.  Avian rRNA subunits were measured against 
murine rRNA and Fmr1 mRNA and calculated to measure 4.25 and 2.0Kb (data not shown).  
Using these values, we were able to calculate the length of TguFmr1 mRNA as 3.4Kb, with a 
minor band at 5.0Kb. 
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Fig. 5.  Anti-TguFmrp is specific to TguFmrp. A. Lysate from Cos-7 cells mock-
transfected (M) and transfected (TxF) with TguFmrp-EGFP, immunoblotted with anti-
TguFmrp 24 and anti-EGFP.  Addition of the 28 kDa EGFP increased the size of the fusion 
construct to ~98kDa.  eIF5 shown here as a loading control. B. M and TxF lysate was 
immunoprecipitated with anti-TguFmrp 23 and 24 and the immunoprecipitates were analyzed 
by western blot using anti-EGFP. C. Protein lysate from zebra finch muscle (Mu) and brain 
(Br) tissue, as well as lysate from (A) was analyzed by western blot using anti-TguFmrp 24. 
The blot was followed with the 1a antibody to visualize endogenous Cos-7 Fmrp as well as 
both zebra finch and Cos-7 Fxr1.  Endogenous TguFmrp runs at 75kDa. For A and C, similar 
results were obtained using anti-TguFmrp 23 (data not shown).  D. Cos-7 cells transfected 
with TguFmr1-EGFP were fixed 24 hours post-transfection and stained with anti-TguFmrp 
23.  Shown are EGFP expression (green), 23 immunoreactivity (red), and DAPI-labeled 
nuclei (blue).  The overlay of all three exposures is shown in the lower right. (Continued) 
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(Fig. 5, cont.)  Similar results were obtained with anti-TguFmrp 24 (data not shown).  
Bar = 20µm. 
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Fig. 6.  TguFmrp is expressed in neurons in the male zebra finch brain.  Sagital brain 
sections containing A. HVC (letter-based name) and RA and B. LMAN (Lateral 
MAgnocellular nucleus of the Nidopallium) and Area X were stained for (Continued) 
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(Fig. 6, cont.)  anatomy with cresyl violet (bar = 1000µm) (upper left).  Upper right is an 
accompanying sketch with the significant anatomical features indicated.  Adjacent 
sections were co-stained with the anti-TguFmrp antibody 24 (red), the neuronal marker 
NeuN (green), and DAPI (blue).  In the overlay, a yellow signal indicates co-fluorescence 
for red and green.  Bar = 20µm.  Bst: Brainstem; Cb: Cerebellum; LFM: Lamina frontalis 
suprema; LFS: Lamina frontalis superior; LH: Lamina hyperstriatica; LMD: Lamina 
medullaris dorsalis; TeO: Optic Tectum.  Shown are images from a P30 brain; P60 and 
Adult males showed similar results (data not shown). 
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Fig. 7.  TguFmrp is consistently elevated in the RA nucleus of a P30 male zebra finch 
and variably expressed in P60 and Adult males.   A-C. Representative fluorescent-IHC 
using anti-TguFmrp 24 on a male P30 (A) P60 (B) and Adult (C) zebra finch RA.  Shown are 
TguFmrp immunoreactivity (red), NeuN stain (green), and DAPI-labeled nuclei (blue), along 
with the overlay.  Arrows denote ventral border of RA.  Bar = 100µm.  D-I.  Representative 
DAB-IHC using anti-TguFmrp 24 on a male P30 (D, E) P60 (F, G) and Adult (H, I) zebra 
finch RA.  Bar = 200µm.   
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Bird ROD p-value   
P30-1 1.111 <<0.001 *** 
P30-2 1.082 <<0.001 *** 
P30-3 1.046 0.004 ** 
P60-1 1.126 <<0.001 *** 
P60-2 1.002 0.436 n.s. 
P60-3 1.043 0.004 ** 
Adult-1 1.099 <<0.001 *** 
Adult-2 1.022 0.013 * 
Adult-3 1.071 <<0.001 *** 
P23 1.007 0.327 n.s. 
P27 1.015 0.105 n.s. 
 
 
Table 1.  Semi-quantification of TguFmrp expression in the RA.  Table showing ROD 
values for three P30, three P60, three Adult RAs, one P23, and one P27, where an ROD value 
>1 indicates more TguFmrp in the RA than in the surrounding brain region.  (* p<0.05; ** 
p<0.01; *** p<0.001; n.s. not significant)  
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Chapter 3 
The effect of directed and undirected song activity on TguFmrp expression in the RA of 
P60 male zebra finches 
 
Abstract / Introduction 
In our previous study examining TguFmrp expression in the male RA at P60, as compared to 
the surrounding brain region, we showed that the expression at P30 was consistently 
upregulated at P30 and adult (albeit with considerable variability at the adult age) but was 
distinctly dynamic at P60 (Winograd et al., 2008).  FMRP expression in other species has 
been shown to increase in response to environmental stimulation, or experience (Irwin et al., 
2000; Todd and Mack, 2000; Todd et al., 2003a; Gabel et al., 2004; Irwin et al., 2005), and 
experiences such as singing or hearing song have been shown to alter gene expression in 
songbirds (Jarvis et al., 1998; Cheng and Clayton, 2004); here we test our hypothesis that the 
observed variable expression of TguFmrp was experience-dependent.  We show results of 
examining the effects of singing, both directed and undirected, on TguFmrp expression in the 
male RA nucleus at P60.  We were unable to reproduce the high variability observed in 
(Winograd et al., 2008). 
 
Materials and Methods 
 
Determining the sex of a zebra finch 
Hatchlings are difficult to sex by visual criteria, and even at the adult age female birds often 
take on male plumage markings (Griffiths et al., 1998).  The most definitive way of 
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determining if a zebra finch is male or female is exploratory laparotomy; unfortunately, this 
procedure can only be carried out on non-living finches, so should be used only after an 
experiment for verification.  There is a PCR-based assay for sexing birds, which will also be 
described – this PCR assay can be performed on DNA harvested from living birds via 
plucking 2-3 chest feathers (Griffiths et al., 1998).   
1) Laparotomy 
Briefly, a sacrificed bird is dissected from the cloaca to the ribcage with dissection scissors.  
Forceps are used to nudge gently at the internal organs to look for either one small white 
triangular ovary (female) located on the bird’s left side just inferior to the lung and just 
superior to the kidney; or two very small white round testes (male) at the rear of the 
abdominal cavity.   
2) PCR 
A PCR-based assay for sexing birds has been described (Griffiths et al., 1998).  In summary, 
it exploits the difference in sex chromosomes for avian species – females are WZ and males 
are ZZ – and uses a gene that differs across the two chromosomes.  This PCR yields two 
products for females and one for males using one primer set.  The primers are, written as 5’-
3’: 
P2: TCTGCATCGCTAAATCCTTT; P8: CTCCCAAGGATGAGRAAYTG and can be 
ordered from Invitrogen (Carlsbad, CA, USA).   
PCR was performed on DNA harvested from 2-3 plucked chest feathers.  Feathers were 
wither used for DNA extraction immediately, or stored at -20C until needed.  DNA was 
extracted using the QIAGEN DNEasy Blood & Tissue Kit (QIAGEN, Valencia, CA, USA).   
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Recording P60 
To record P60 males at various time points after onset of song activity in the day, the finches 
were first kept in silence overnight in a small cage inside an acoustic isolation chamber 
(Tracor, Inc., Austin, TX, USA).  Non-singing birds were sacrificed twenty minutes after 
lights turn on in the morning, but before any singing activity, and the brain was harvested 
rapidly as described (Winograd et al., 2008).  For singing birds, a song recorder was 
introduced as the lights turned on (or just before) and singing activity recorded for required 
time.  Then, birds were sacrificed and tissue harvested as above.  Based on the recording, 
song bouts were counted (a syllable is one “note” although hitting multiple frequencies at 
once; an organized string of syllables forms a motif; a bout is a series of song motifs repeated 
over again, often preceded by a few introductory trilled notes). 
 
For directed song, female finches were presented individually in a separate small cage to the 
sound chamber, at the same level as the male.  The first female was presented 15 minutes 
after lights on, and females switched out when the male eventually stopped singing to one 
(generally every 10-20 minutes).  Females were presented to the males for approximately one 
hour, or longer if male was still singing. 
 
Analyzing P20-29 
Tissue was collected, processed for TguFmrp, and analyzed via 3,3 -Diaminobenzidine-
Immunohistochemistry (DAB-IHC) as in (Winograd et al., 2008).  ROD calculation 
performed as in (Winograd et al., 2008). 
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Breeding colony 
Birds were kept in wire mesh flight cages measuring approximately 6’ high by 5’ deep by 4’ 
wide.  Straw nests were hung on one wall, with free access to food, water, and a bone-based 
calcium supplement treat (cuttlebone).  Wooden bars were also hung across the flight cage 
for perching. For nest building, sterile cotton balls were supplied to the aviary floor for males 
to collect and stuff into their nests. Hatchlings were marked with colored permanent marker 
based on the day of hatching until they were old enough to be marked with an ankle band.  
 
Results 
Non-singing males do not have increased expression of TguFmrp in the RA nucleus at 
P60 
In order to test out hypothesis that the great variability in P60 expression of TguFmrp in the 
male RA was due to individual experiences of the birds, we first wanted to determine the 
TguFmrp expression after no experience, or an overnight isolation from acoustic and social 
stimuli, be it sounds of other males singing, colony activity, or females to sing to.  Thus, to 
establish a baseline TguFmrp expression level in the male P60 RA, against which we could 
compare expression after different time amounts of song activity, we first isolated three male 
finches individually in silence overnight, and examined the brains for TguFmrp expression 
before the onset of any singing activity, using immunohistochemistry as in (Winograd et al., 
2008).  Figure 8 shows a representative image.  We observed that after an overnight period of 
silent isolation, ROD values were equal to 1; thus, there was no significant increase in 
TguFmrp immunoreactivity in the male RA nucleus at P60, as compared to surrounding brain 
regions (Table 2).  Just as in (Winograd et al., 2008) we examined total immunoreactivity 
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and compared somata to neuropil.  This result of no increase of TguFmrp expression in the 
RA after silence supported our hypothesis that the variable expression of TguFmrp was due 
to a relevant experience for the male.   
 
To determine which experience was causing the variability, we considered potential “relevant 
experiences”.  It should be noted that all birds were sacrificed in the early afternoon so as to 
avoid potential circadian confounds, although there has not been a circadian rhythm observed 
for FMRP in other species [although the converse has been shown, that FMRP may be 
involved in circadian rhythm, as reviewed in (Gatto and Broadie, 2009)].  At age P60, having 
completed sensory learning (Brainard and Doupe, 2002) a male zebra finch is fully immersed 
in sensorimotor learning, practicing his song and comparing it against his learned template.  
Furthermore, he is living in a colony and thus experiencing colony life – including hearing 
neighbors teaching, learning, and practicing song.  Because we assumed that at age P60, the 
primary activity for male zebra finches is practicing his song, we opted to focus on this chief 
experience.  Thus we set out to examine the effects of song activity on TguFmrp expression 
in the RA.   
 
To determine the effects of singing activity, males were allowed to sing after a night of 
acoustic and social isolation.  Brains were examined at various time points after onset of song 
activity and TguFmrp expression was quantified (Figure 9, gray bars).  Mean ROD values 
were found to be: 0.25h: 0.998; 1h: 1; 2h: 0.989; 4h: 0.97; 6h: 1.013; 8h: 0.992.  Because 
only one bird was used per age, we were unable to perform statistical analysis on these RODs 
to determine difference from 1.  Although we saw a variance in TguFmrp expression, no 
 69 
male had the same high levels as seen before (Winograd et al., 2008).  It is interesting that 
two birds had reduced TguFmrp expression; the cause for this decrease warrants further 
investigation.   
 
Gene expression in male zebra finch brains can depend on the type of singing – directed vs. 
undirected (Jarvis et al., 1998) so we presented males with females to induce directed song 
(Figure 9, blue bars).  Again, we saw variability in TguFmrp expression, but not to the extent 
as in (Winograd et al., 2008).  Mean ROD values were found to be: 2h: 1.006; 6h: 0.995.  
Again, statistical analysis was impossible.  
 
To determine if the quantity of song bouts rather than quality of song was relevant, we 
counted the number of song bouts by each male (Table 3).  Still, no trend emerged.  We can 
conclude from this preliminary study that singing activity alone is not enough ‘experience’ to 
induce the great increase in TguFmrp expression, as compared to the surrounding brain 
region, in the male RA at P60. 
 
Determining the age of onset of stable up-regulation of TguFmrp in the RA 
We next returned to our overarching goal of generating a knockdown finch and reasoned that 
as P30 males have stable, reproducible up-regulation of TguFmrp expression in the RA, as 
compared to the surrounding brain region, it would be informative to eliminate TguFmrp in 
P30 males.  We asked if this stable up-regulation was observable at an earlier age.  
Accordingly, we examined male zebra finch RAs at ages leading up to P30 (Figure 10).  
Unfortunately, using 1-2 birds per age range, we could not deduce a clear pattern.  The zebra 
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finches tested are not genetically homogenous and as social colony dwellers do not share 
identical experiences and thus examining only one bird per age is not a valid method for 
drawing conclusions.   
 
Discussion 
In our study of P60 males with various singing activities, we were not able to reproduce the 
high expression levels of TguFmrp seen previously in males obtained from our colony 
(Winograd et al., 2008).  The most likely reason is that we did not replicate the social 
condition experienced by the finches in the prior study.  An important consideration is that in 
this present study we looked at only one individual experience – that of singing activity– the 
effect seen before may have been a result of being in the milieu of the colony.  We have 
discussed studies where behavior affects gene expression, and it can be taken one further step 
back by observing that colony effects such as “audience members” on behavior have been 
documented (Vignal et al., 2004; Vignal et al., 2005).   
 
Further evidence of a social effect on song learning and therefore likely on gene expression is 
an elegant study showing that male zebra finch siblings reciprocally inhibit song learning 
(Tchernichovski and Nottebohm, 1998).  Additionally, we have already discussed how 
female reactions to singing activity affect the singing male; matters are complicated by the 
fact that female reactions depend on more than just the song, potentially on the location of 
the male in relation to the female (Tchernichovski et al., 1998).  Therefore it may have been 
too simplistic to attempt to find one isolated experience with such a strong effect on 
TguFmrp expression. 
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Alternately, perhaps the overnight isolation had its own effect that masked any further 
experiential effect.  Such masking has been observed in other studies; for example, male 
finches kept overnight in isolation, or even 1h in isolation, had greatly reduced immediate 
early gene response to song stimulus (Park and Clayton, 2002).   
 
An additional alternate hypothesis that would be simple although tedious to study is that even 
though colony-reared zebra finches technically do not experience season, perhaps the season 
does matter.  Breeding drops significantly in the autumn and winter (Sarah London, personal 
communication), therefore it is conceivable that somehow finches sense seasons.  The 
finches in (Winograd et al., 2008) were taken during summer and autumn; the finches in this 
study were taken in a shorter summer timespan. 
 
While it would be interesting to determine the precise cause, or group of causes, for the 
highly variable TguFmrp expression seen in P60 male RA in our previous work, we chose to 
focus on generating a TguFmrp knockdown finch at the age where we observed consistent 
upregulation: P30.  Ergo future work will develop a method for inducing TguFmrp 
knockdown in P30 male zebra finches at the RA brain nucleus, to examine the role of 
TguFmrp in zebra finch vocal learning. 
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Fig. 8.  Basal expression of TguFmrp in RA of P60 after overnight isolation.  Sagittal 
lateral section through RA nucleus of a male P60 zebra finch showing TguFmrp visualized 
via DAB-IHC.  A. Representative section stained for anatomy with Cresyl Violet (scale bar = 
1000 µm); B. Accompanying sketch with major anatomical features labeled; C. DAB-IHC 
stain for TguFmrp (scale bar = 1000 µm); D. zoomed-in view of RA (arrows denote ventral 
border of RA), showing similar expression levels of TguFmrp in the RA as compared to the 
surrounding brain region (scale bar = 200 µm).  HVC (letter-based proper name); LFM: 
lamina frontalis suprema; LFS: lamina frontalis superior; LH: lamina hyperstriatica; LMD: 
lamina medullaris dorsalis; TeO: optic tectum.  [A and B adapted from (1)] 
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Fig. 9.  Preliminary data for TguFmrp expression after song onset.  Birds were allowed 
to sing undirected song (gray bars) or directed song (blue bars), and brains analyzed for 
TguFmrp expression in the RA at time points indicated (after onset of singing activity).  
Yellow bar shows mean ROD from the non-singing males for comparison.  Note than an 
ROD value >1 indicates an increase in TguFmrp expression in the RA as compared to the 
surrounding brain region.   
 74 
 
 
Fig. 10.  TguFmrp expression in RA at ages leading up to P30.  One bird per age group (2 
birds at P27) was examined for TguFmrp expression by DAB-IHC.  Shown are ROD values, 
where a value >1 indicates increased TguFmrp expression as compared to surrounding neuropil.  
Also shown is the mean ROD value for P30, from (Winograd et al., 2008). 
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Bird ROD Significance 
nsP60-1 1.00 n.s. 
nsP60-2 1.00 n.s. 
nsP60-3 1.00 n.s. 
mean 1.00 n.s. 
 
 
Table 2. Non-singing males do not have increased expression of TguFmrp in the RA 
nucleus at P60.  Table showing ROD values and statistical evaluation of three P60 males 
after acoustic and social isolation overnight (nonsinging P60 finch 1-3 = nsP60-1, etc.), 
including individual data and the mean ROD.  Significance: n.s. = not significant. 
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Bird 
Time Singing  
(hours) 
Song 
bouts 
Song motifs 
smP60-1 4 89 167 
smP60-2 0.25 27 30 
smP60-3 1 107 434 
smP60-4 8   
smP60-5 2 N/A N/A 
smP60-6 6   
dsmP60-1 6 197 458 
dsmP60-2 2 135 244 
 
 
Table 3.  Numbers of song bouts and motif per singing P60.  Song bouts and motifs for 
each bird, labeled as time brain was analyzed (hours after onset of singing activity).  Birds 
are labeled as follows: (non-directed song) singing males at age P60, numbered 1-6: smP60-
1, etc.; directed (song) singing males at age P60, numbered 1-2: dsmP60-1, etc.  N/A 
indicates the recording failed.  smP60-4 and smP60-6 were recorded but not counted.  It 
should be noted that for each time point / singing activity, there is only an n of 1.  
 77 
Chapter 4 
Development of a lentivirus vector for shRNA delivery against TguFmrp  
in the zebra finch RA 
 
Abstract 
Fragile X syndrome, caused by absent or aberrant expression of the fragile X mental 
retardation protein FMRP, presents with speech-language delays and deficits that are similar 
to, but not the same as, autism and are distinct from idiopathic intellectual disability.  Our 
hypothesis is that these vocalization abnormalities are due to affected vocal learning.  The 
best animal model for vocal learning, both for its parallel learning mechanism and feasibility 
of its use as a model organism, is the songbird zebra finch.  Cerebral genetic disorders can be 
induced in the finch via a lentivirus vector for silencing RNA (siRNA), as has been shown in 
a study on the effects of knocking down FOXP2, a gene involved in human speech, on song 
learning.  Here we describe the generation of a lentivirus vector for siRNA against TguFmr1, 
the gene encoding the finch fragile X protein TguFmrp.  Ultimately, this vector will be used 
to knockdown TguFmrp expression in the nucleus RA of a young male finch to test our 
hypothesis that the fragile X protein is involved in vocal learning. 
 
Introduction 
Marked speech and language abnormalities are a hallmark characteristic of fragile X 
syndrome (FXS) (Kau et al., 2002; Abbeduto et al., 2007), yet there is currently no suitable 
animal model for studying these abnormalities.  Humans and songbirds are vocal learners, 
along with bats, some cetaceans, and certain non-songbirds (Doupe and Kuhl, 1999; White, 
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2001; Brainard and Doupe, 2002; Wilbrecht and Nottebohm, 2003).  The songbird 
Taeniopygia guttata, or Australian zebra finch, is a vocal learner and provides an ideal 
animal model for the vocalization deficits in FXS.  In fact, it has been used as an animal 
model for the role of FoxP2 in vocal learning (Haesler et al., 2007).  
 
To generate a zebra finch model of a genetic disease, it is possible to utilize RNA 
interference (RNAi) introduced via a lentivirus vector, directly localized to the brain region 
of interest (Haesler et al., 2007).  Lentivirus vectors for RNAi have been used successfully in 
the mouse (Lois et al., 2002; Dittgen et al., 2004; Lasek and Azouaou, 2010) and zebra finch 
(Haesler et al., 2007).  Self-inactivating lentivirus vectors (self-inactivating refers to the 
inability of the viral vector to propagate an infection due to a lack of a viral promoter or 
enhancer) have several advantages – they can ably transduce non-dividing cells such as 
neurons without triggering the immune system, and insert into the genome in order to 
maintain expression of the silencing RNA over time, promoting indefinite longevity of the 
knockdown (Naldini et al., 1996; Zufferey et al., 1997; Miyoshi et al., 1998; Lois et al., 2002; 
Dittgen et al., 2004; Sapru et al., 2006; Wong et al., 2006; Haesler et al., 2007).  
Additionally, stereotactic introduction allows for precise local targeting with minimal 
disturbance to the rest of the brain and organism, thus combined with a self-inactivating 
vector allows for otherwise normal post-surgical rearing.   
 
We have previously shown a stable up-regulation of TguFmrp in the RA nucleus of posthatch 
day 30 (P30) male zebra finches (Winograd et al., 2008) and the next step is to knockdown 
TguFmrp in this brain region at this age and monitor the effects on song learning and 
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production.  Here we describe the generation of a lentivirus vector, which uses the same viral 
backbone as the study whereby FoxP2 was knocked down in finch brain (Haesler et al., 
2007), to express silencing RNA against TguFmr1, the gene encoding TguFmrp.   
 
Materials and Methods 
Sequences 
TguFmr1 3’-UTR part of TguFmr1 sequence in GenBank (accession # EU555184.1); we 
assembled TguFxr1 ourselves from the zebra finch ESTIMA site. 
 
Preparation of full-length TguFmr1 EGFP transgene (TguFmr1-tg): 
Full-length TguFmr1 (including coding and the 3’-UTR up until 30 nucleotides before the 
polyA tail, but not 5’-UTR) was generated via PCR and then bridging PCR.  Initially, total 
RNA was harvested from a male zebra finch brain using the Qiagen RNeasy Mini Kit 
(Qiagen Sciences, Valencia, CA, USA).  cDNA was made using the BD Smart Race cDNA 
Amplification Kit (BD Biosciences, San Jose, CA, USA).  PCR amplification was carried out 
using the following primers, designed to add an EcoRI restriction site to the 5’ end and a 
BamHI restriction site to the 3’ end, each written 5’ to 3’ (note that the central primer was 
used in both directions):  
ECORIFMR1: GAATTCGATGGAGGAGCTGGTGGTGG;  
A12E03OVERLAP: TTTGCACTGAAGATTTGGCA;  
E03BAMHI: GATGGGTGGGGAGGATCC.  These two PCR fragments were then joined 
together using “bridging” or “sewing” PCR [initially described in (Liu et al., 2002) and used 
in (Winograd et al., 2008)] with the primers above.  The final sequence was cloned into 
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pEGFP-C1 (BD Biosciences, San Jose, California, USA) using the EcoRI and BamHI sites.  
This transgene will hereafter be described as TguFmr1-tg and its protein product as 
TguFmrp-EGFP. 
 
Co-Transfection of Cos-7 with TguFmr1-tg and siRNA 
Cos-7 cells were plated in a 24-well dish at a density of 5x104 cells/mL/well and allowed to 
adhere for 24h.  Next, siRNAs from Dharmacon were resuspended in 1X RNA Dilution 
Buffer (Dharmacon) to a concentration of 50uM (individual siRNAs at 50uM each and 
pooled mixture at 50uM total) and TguFmr1-tg suspended in Tris-EDTA buffer (10mM Tris-
HCl pH 7.5, 0.1mM EDTA pH 8.0) at 0.1ug/uL.  200ng transgene and 50nmol siRNA were 
pooled and co-transfected using Lipofectamine (Invitrogen, Carlsbad, CA, USA) as per 
manufacturer’s instructions.   
 
Analysis of siRNA efficiency 
48h after transfection, cells were expanded to a 6-well dish.  24h later, or a total of 72h post-
transfection, cells were harvested and lysed in (150mM NaCl, 30mM EDTA, 50mM Tris-
HCl pH 7.4, 0.5% triton-X-100) with Complete Protease Inhibitor (Roche Applied Sciences, 
Indianapolis, IN, USA).  Total protein lysate was quantified using Bio-Rad Protein Assay 
(Bio-Rad Laboratories, Hercules, CA, USA) and 25ug protein per sample were separated on 
a 7.5% polyacrylamide-SDS gel.  Immunoblots were probed with anti-TguFmrp antibody 
(Winograd et al., 2008) and polyclonal anti-eukaryotic translation initiation factor 5 (anti-
eIF5, Santa Cruz Biotechnology, Santa Cruz, CA, USA) and developed with ECL 
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(Amersham).  Knockdown efficiency was calculated as intensity of TguFmrp-EGFP signal 
normalized to eIF5 using NIH ImageJ.   
 
Plasmids for generating lentivirus 
Four plasmids for generating the lentivirus were generously provided by Drs. Pavel Osten 
and Carlos Lois.  Plasmids 2-4 will be co-transfected into HEK 293T cells to generate the 
virus.  These plasmids were: 
1) pCMV-U6 delBbsI (pCMV-U6): the initial carrier plasmid for the shRNA to place the 
shRNA behind the RNA pol III U6 promoter 
2) L51 FUGW linker (pFUGW): lentiviral linker plasmid to carry the shRNA (with U6 
promoter) into HEK 293T cells to generate virus with EGFP marker behind a Ubiquitin 
promoter 
3) L4 pCMV-VSVg: plasmid to carry the vesicular stomatitis virus (VSV) g protein behind 
the immediate-early promoter of human cytomegalovirus (CMV) into HEK 293T cells 
4) L3 pCMV D8-1.9: plasmid to carry the remaining essential lentiviral genes, also behind 
the CMV promoter into HEK 293T cells 
 
Annealing of shRNAs 
Oligonucleotides were ordered from Invitrogen (Carlsbad, CA, USA) and resuspended at 
0.25 nmol/uL in water.  Annealing was performed in 1X Annealing Buffer (10X Annealing 
buffer: 1M NaCl, 100mM Tris pH 7.4) for a final suspension of 0.1nmol dsDNA/uL.  To 
anneal, oligonucleotides were placed in a water bath at 95C that was then allowed to cool to 
room temperature.   
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Ligating shRNA into pCMV-U6 
100pmol annealed oligonucleotides were ligated into 100ng pCMV-U6 in a final volume of 
10µL.  One-half this ligation was used to transform XLI cells and colonies with insert were 
selected on low-salt zeocin plates. 
 
Test for inserts into pCMV-U6 
Colony PCR was used as an initial screen for colonies with insert with the following primers, 
synthesized by Invitrogen, each written 5’-3’:   
NheI/5’ U6 pro (U6pro): CCCGCTAGCATCCGACGCCGCCATCTCTA;  
pCMV-U6oligo 3’ (U6oligo): CCACCGCATCCCCAGCATGCC 
PCR products were screened on a 3% agarose gel in 1X TBE; without insert the product is 
393bp, with insert it is about 50bp longer.  The presence of an insert was then confirmed by 
sequencing with these same primers. 
 
Plasmid containing pCMV-U6 with a shRNA will hereafter be referred to as pCMV-U6-
shRNA. 
 
Test shRNA via pCMV-U6 in Cos-7 cells co-expressing TguFmr1-tg 
2.5x105 cells/well were plated in 6-well dishes in 2mL/well (culture media: DMEM, 1% 
NEAA, 10% FCS).  24h later, each well was co-transfected with 2ug  TguFmr1-tg and 2ug 
shRNA-containing plasmid, using Lipofectamine (Invitrogen) as per manufacterer’s 
instructions.  After 48h, lyse cells (lyse buffer: 150mM NaCl, 30mM EDTA, 50mM Tris-
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HCl pH 7.4, 0.5% triton-X-100 with Complete Protease Inhibitor [Roche Applied Sciences, 
Indianapolis, IN, USA]) and test for knockdown efficiency via Immunoblot.  Controls 
included mock-transfected Cos-7 cells (M); and transfected Cos-7 cells with mock shRNA 
treatment (TxF), empty vector (V), or control shRNA (C).  Ponceau stain used in Figure V3 
contained 3% (mass/volume) Ponceau S (#0219064405; MPBiomedical LLC, Solon, OH, 
USA) in 5% acetic acid in water.  Immunoblots were probed with anti-TguFmrp antibody 
(Winograd et al., 2008) and polyclonal anti-eukaryotic translation initiation factor 5 (anti-
eIF5, Santa Cruz Biotechnology, Santa Cruz, CA, USA) and developed with ECL 
(Amersham).  Knockdown efficiency was calculated as compared to cells expressing 
TguFmr1-tg but not shRNA, normalized to eIF5, using NIH ImageJ. 
 
Transfer U6-shRNA cassette into lentiviral vector 
pCMV-U6-shRNA was digested with restriction enzymes NheI and BstBI to release the 
cassette containing the shRNA with the U6 promoter, and this cassette was cloned into 
pFUGW, which co-expresses EGFP behind a ubiquitin promoter.  The final construct was 
transformed into Sure or Top 10 cells.  All steps of transformation through maxi-prep were 
done sequentially without storing culture or plates at 4C.  
 
Culture finch neurons  
Neurons were cultured from posthatch day 1-6 (P1-6) zebra finches on poly-D-lysine-coated 
glass cover slips (poly-D-lysine available as a hydrobromide salt, lyophilized powder, 
Sigma-Aldrich, St. Louis, MO, USA), in Neurobasal media (Invitrogen Corporation, 
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Carlsbad, CA, USA) supplemented with Glutamax (Invitrogen), 2% B27 (Invitrogen), and 
antibiotic-antimycotic (Fungizone and Penicillin-Streptomycin, Invitrogen). 
 
Immunocytochemistry (ICC) 
ICC was carried out as described in (Winograd et al., 2008). 
 
Results 
 
Our initial intent was to knockdown TguFmrp using silencing RNA (siRNA) delivered on 
nanoparticles, in collaboration with the laboratory of Julia George at UIUC.  We therefore 
worked with Dharmacon (currently part of Thermo Scientific, Lafayette, Colorado) to design 
four silencing RNA (siRNA) sequences that targeted the 3’-untranslated region (3’-UTR) of 
TguFmr1 but not any sequence in the paralog fragile X related protein-1 (TguFxr1 – see 
Figure 11).  Dharmacon identified four sequences, numbered 1-4, along with a pooled 
mixture of all four (Figure 12 – TguFmr1 3’-UTR with sequences).  Importantly, the sense 
strand (non-targeting strand) was made using On-Target, a proprietary chemical modification 
that inhibits binding to the RISC, thus preventing any off-target effects of the sense strand. 
 
In order to test the siRNA duplexes, we examined their ability to knockdown TguFmrp-
EGFP expression in Cos-7 cells.  Co-transfected cells were lysed, and knockdown efficiency 
was measured by Immunoblot (Figure 13).  siRNA candidates #2 and the pooled mixture had 
approximately equal knockdown values of 24.5% and 25% respectively.  Candidate #1 
increased transgene expression by 140%, presumably due to off-target effects.  siRNA 
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candidate #3 had a knockdown efficiency of 62%, and siRNA candidate #4 was remarkably 
efficient, knocking down 97.6% of the transgene. 
 
After we determined siRNA #4 to be an optimal candidate for knockdown (it should be noted 
that the experimental value are based off an n of 1), we learned that the best way to achieve 
knockdown in the brain of a live zebra finch was to use short hairpin RNA (shRNA) that 
encoded a silencing sequence that would engage the RISC machinery (Haesler et al., 2007).  
This shRNA would be introduced to finch neurons using a lentiviral vector.  We were warned 
by Dharmacon that siRNA sequences do not always translate into effective shRNA 
sequences (Chris Tierney, personal communication), so we had to start over designing new 
knockdown sequences.   
 
We chose to model our lentivirus knockdown efforts after those proved successful in 
knocking down FoxP2 in the zebra finch brain (Haesler et al., 2007).  The lentivirus vector 
utilized in (Haesler et al., 2007) encoded a short hairpin RNA (shRNA) that triggered the 
cell’s own silencing RNA (siRNA) machinery to generate an exogenous siRNA.  This 
exogenous siRNA could next enter the RNA-interference (RNAi)-Induced Silencing 
Complex (RISC) and subsequently knockdown the messenger RNA (mRNA) of interest.  
Accordingly, we set out to design two non-overlapping shRNAs that would target 
theTguFmr1 mRNA.  Using two non-overlapping shRNAs independently alongside a non-
targeting control shRNA would ensure specificity and relevance of results.  To design the 
shRNA sequences, we adhered to the following guidelines, from Ambion (currently part of 
Applied Biosystems / Ambion, Austin, TX, USA) as outlined in its pSilencerTM siRNA 
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Expression Vectors “Mammalian Expression Vectors for siRNA-induced Gene Silencing” 
manual for catalog numbers 7209,7210 (read in April 2008; as of June 2010 no longer 
available), and via personal communication with Drs. Pavel Osten and Carlos Lois, engineers 
of the original lentivirus scheme used in (Haesler et al., 2007): 
 
1) While siRNA can target any point along the target mRNA, exogenously stimulating the 
siRNA pathway via RNAi is most effective at the 3’-UTR. 
2) The target site should have 30-50% GC content. 
3) The target site must be unique to the target sequence. 
4) The target site should start with AA and have 19-21 additional nucleotides with <4 
contiguous A’s or T’s. 
 
We began by scanning the 3’-UTR of TguFmr1 (see Figure 12) for potential target sites that 
began with A-A and were followed by 19 nucleotides that did not include 3 A’s or 3 T’s in a 
row.  This scan yielded 36 potential sites (Table 4, Column A, Rows 1-36).  Target sites were 
then pruned to include only those that began with a purine after the initial A-A (since three 
A’s in a row are counterproductive to RNA pol III transcription, sites must have begun with a 
G after the initial A-A), narrowing our options to 7 potential target sites.  The sense shRNA 
strands to these sites were then designed (Table 4, Column B). 
 
To ensure we were testing shRNAs that targeted across the entire 3’-UTR, we designated 
each linear quarter of the 3’-UTR with a section number 1-4 and checked that our potential 
shRNAs spanned the four sections (Table 4, Column C).  Next, G-C content was calculated 
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(Table 4, Column D) to ensure a value of 30-50%.  Another important qualification for 
shRNAs is that they do not overlap with other genes, thus causing non-specific, off-target 
effects that could potentially confound an interpretation of the data.  Accordingly, the 7 
potential shRNA sequences were first checked against the available sequence for TguFxr1 
(Tgu fragile X related-1; in April 2008 this sequence consisted of the coding region and the 
3’-UTR through to the polyA tail, with a small portion of the 5’-UTR – see Figure 11) to 
eliminate any cross-targeting to this homologue, and then BLASTed against the entire 
songbird genome available at the time (ESTIMA).  The 7 potential shRNAs did not have any 
overlap with other genes and were deemed suitable candidate shRNAs for use in the zebra 
finch.   
 
The sequences of these sites were then fit into the model (Figure 14) for the shRNA-
encoding DNA duplex to be inserted into the initial carrier plasmid to generate the U6 
promoter-shRNA cassette that would subsequently be cloned into the lentivirus vector.  
(Table 4, Columns E, F).   
 
To supplement our 7 optimal shRNA target sites, we chose to test siRNA sequences 3 and 4 
because they were the two most effective siRNAs at knocking down TguFmrp-EGFP 
transgene expression.  We also wanted to try siRNA 1 that had resulted in an increase of 
TguFmrp-EGFP expression.  In fact siRNA 3 had come up in our initial 36 candidate sites 
(Table 4, Column A, Row 26) but did not start with a G so was not included in our final 7 
candidates.  The sequences for siRNA 1 and 4 also did not start with a purine so we added a 
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G to the 5’-end of the sense strand and also fit them into the model shown in Fig. V1 (Table 
4, Rows 37-43).   
 
Once potential shRNA sequences were identified, the next step was to generate a cassette of 
the shRNA behind the RNA pol III U6 promoter.  To do so, the sense and anti-sense strands 
of the hairpins (the sense strand will be the coding strand which encodes a single-stranded 
RNA that will be transcribed by RNA pol III and fold back on itself to create a shRNA) were 
ordered as oligonucleotides from Invitrogen.  These oligonucleotides were then annealed and 
ligated into pCMV-U6.  This carrier plasmid orients the shRNAs in the correct position 
behind the U6 promoter, such that the U6 promoter and the shRNA are able to be cleaved out 
as a cassette and transferred to the lentivirus vector itself (pFUGW).   
 
Prior to generating the lentivirus, the ten potential shRNA sequences as cloned into pCMV-
U6, were tested for their ability to knockdown TguFmr1-tg in Cos-7.  Plasmids expressing 
both shRNAs and TguFmr1-tg were co-transfected into Cos-7 cells, and cell lysates were 
examined by immunoblot for knockdown efficiency.  When the first five shRNAs were 
tested, shRNA 1 proved a good candidate, knocking down transgene expression by 83% 
(Figure 15).  shRNAs 2-5 yielded knockdown efficiencies of 34%, 23%, 40%, and 37% 
respectively.  The next five shRNAs were tested, showing shRNA 9 to be a good candidate, 
as well (Figure 16).  Unfortunately the loading control did not work on this Immunoblot, so 
we looked to the Ponceau stain for general protein load as assurance for equal protein loading 
across wells.  Additionally, for a non-targeting control shRNA, we generated the same 
control as used in (Haesler et al., 2007), shown not to target any finch gene. 
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Preliminary work suggested sequences 1 and 9 to be promising shRNAs (see Figs. 15-16).  
We also wanted to re-test shRNAs 6 and 8 for their intriguing qualities of approximately 
50% and no knockdown, respectively (see Fig. 16).  Knocking down 50% functional 
TguFmrp would mimic human female FMRP expression; thus this construct might one day 
be used in the future to study female vocal learning in FXS.  An ineffective shRNA that 
targets TguFmrp might prove to be another negative control.  We therefore tested these four 
sequences along with our control shRNA and all the necessary controls (Figure 17).  This test 
showed shRNAs 1 and 9 to have knockdown efficiencies of 89% and 84% respectively, 
shRNA 6 to have 44% knockdown efficiency, and shRNA 8 to have only 12% knockdown.  
Our control shRNA had only 3.5% knockdown efficiency.  We were surprised to see the 
empty shRNA vector pCMV-U6 to yield 29% knockdown of reporter transgene; more 
repetitions are needed to show consistency of this phenomenon, which may be due to non-
specific effects.  It was thus reassuring to see a control shRNA sequence within this vector 
have almost no knockdown effect.   
 
Once we had two non-overlapping shRNAs along with a control, non-targeting shRNA, we 
next cloned the U6-shRNA cassettes into the pFUGW lentivirus linker using the NheI and 
BstBI restriction sites.   
 
Before injecting this lentivirus into birds, we wanted to test its efficiency in cultured finch 
neurons.  First, P2 hatchling neurons were cultured and examined via Immunocytochemistry 
(ICC) for endogenous TguFmrp expression (Figure 18).  Importantly, Fig. 18 shows that we 
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can both culture zebra finch neurons and identify endogenous TguFmrp with our antibody 
(Winograd et al., 2008).  
 
Discussion and Future Directions 
Here we show the initial development of two non-overlapping shRNAs, along with a control 
non-targeting shRNA, that can be introduced to the zebra finch brain with a lentivirus vector 
to knockdown TguFmrp and thereby test the role of TguFmrp in song learning.   
 
The next step will be to generate the lentivirus vector for our shRNAs of interest, transduce 
cultured neurons, and test these neurons for TguFmrp knockdown.  If the shRNAs prove 
efficient, we can move into live birds. 
 
Virus Production 
 
Plasmids 3 and 4 (see Methods) will be co-transfected into HEK 293T cells along with 
shRNA-containing pFUGW to generate virus.  This virus will then be used to test 
knockdown efficiency in cultured finch neurons.  If possible, it would be beneficial to 
determine how many days are necessary for efficient knockdown.  In this way, if n days are 
necessary, birds should be injected at day P(30-n) to ensure efficient knockdown by day P30.  
 
Injection into RA 
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In order to determine stereotactic coordinates of the RA at the day for injection, the first test 
will be injection of inert carbon into the RA.  As a start, the following coordinates will be 
used: anterior/posterior 1.5 and 1.8; medial/lateral 2.4; dorso-ventral 2.0 and 1.5; the slope of 
the needle must be 9 degrees to avoid HVC (personal communication from Kirill Tokarev 
and Constance Scharff).  Immediately after surgery, birds will be sacrificed and brains 
sectioned.  It may be necessary to Nissl stain the sections with cresyl violet for anatomy in 
order to determine the location of the RA (Winograd et al., 2008).  The coordinates will then 
be adjusted until we have established coordinates for our stereotax for the P30  (or P30-n) 
male zebra finch RA. 
 
Examine spread of virus from injection site in RA 
 
Upon determining the stereotactic coordinates for the male RA, the next step is to determine 
spread of the virus.  Empty pFUGW (or expressing the control shRNA) will be introduced to 
the RA at the correct age and the birds sacrificed at specific time points after.  Brains will be 
sectioned and examined for EGFP expression, and distance from injection site.  The self-
inactivating lentivirus vector can infect a neuron but not become virulent and infect 
neighboring neurons (Miyoshi et al., 1998).  Thus the number of neurons infected will be 
proportional to the viral titer.  By testing the volume of RA infected, as done in (Haesler et 
al., 2007), we can determine the optimal volume and titer of lentivirus vector to be used.  It 
should be noted that in personal communication, Dr. Lois warned that “RA is particularly 
recalcitrant to infect with lentiviral injections: even an injection with 1 million infectious 
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particles will only label some 20 neurons within RA”.  Therefore it will be prescient to 
generate a virus of high titer. 
 
Analysis of song production by knockdown zebra finch 
 
Future work will introduce the silencing RNA into the male RA nucleus at the onset of 
sensory learning, to examine the role of TguFmrp in vocal learning.  Analysis of the effects 
of TguFmrp knockdown on song learning and production will be carried out using a software 
program designed by Dr. Ofer Tchernichovski for precisely this use: Song Analysis Pro 
(SA+) (Tchernichovski et al., 2000) in a manner similar to that used in (Haesler et al., 2007).  
Using SA+, the mean acoustic features for each syllable will be measured: specifically, the 
pitch, frequency modulation, entropy, pitch goodness, and duration.  We will compare these 
variables across all knockdown finches and control pupils; additionally, adult song of pupils 
will be compared to the tutors’ song for accuracy of learning.  Learning scores will be 
normalized to account for potential disparities in difficulty of tutor song.  
 
If the study proves fruitful, many future studies could be performed.  For example, the roles 
of TguFmrp at various ages and in various brain regions could be deduced.  An interesting 
study would be to compare TguFmrp knockdown in male vs. female zebra finches.  Females 
undergo sensory learning as they must learn to recognize normal finch song and thus pick a 
mate, but do not sing themselves and so do not undergo song sensorimotor learning.  
Comparing male to female zebra finches without TguFmrp could tease apart the roles of 
TguFmrp in sensory vs. sensorimotor learning.  Results from these studies will broaden the 
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scientific understanding of multiple phenomena, including song learning and production, 
human speech and language learning, the development of neural circuitry, and the role of the 
fragile X protein in the normal state and consequent impacts of its absence in FXS.   
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GGTCCTTTGCGCTCGCAACATGGAGGAGCTGACGGTGGAAGTGCGCGGCTCCAACGGGGCCTTCTACAAGGGAT
TTATCAAAGATGTTCATGAGGACTCCCTCACAGTTGCATTTGAAAACAATTGGCAACCAGAGCGCCAGGTGCCC
TTCAATGAAGTCAGATTACCACCACCCCCTGATATCAAGAAAGAAATTGGTGAAGGAGATGAGGTGGAGGTGTA
TTCTAGGGCAAATGACCAAGAACCTTGTGGCTGGTGGCTGGCAAAAGTTCGAATGATGAAAGGAGAGTTTTATG
TCATTGAATACGCTGCTTGTGATGCCACTTACAATGAAATTGTCACTTACGAGCGACTGCGACCTGTGAATCAG
AACAAAACTGTCAAAAAGAACACCTTCTTCAAGTGCACAGTGGATGTTCCTGAAGACCTGAGAGATGCGTGTGC
TAATGAAAATGCACATAAAGATTTCAAGAAAGCTGTGGGAGCATGTAGAATTTTTTATCATGCTGAAACTGCTC
AACTAATAATACTGTCTGCCAGTGAAGCAACAGTGAAGAGAGTGAACATCCTCAGTGACATGCACCTGCGCAGC
ATTCGCACCAAGCTCATGCTGATGTCGAGAAACGAGGAAGCTACAAAACACTTGGAGTGCACAAAGCAGCTTGC
TGCAGCATTTCATGAGGAGTTTGTAGTCAGAGAAGATTTAATGGGACTTGCTATAGGAACGCATGGCAGTAACA
TACAACAAGCCAGAAAGGTTCCAGGAGTTACTGCAATTGAACTCGAGGAGGACACCGGTACTTTCAGAATCTAT
GGAGAGACTGCCGATGCAGTAAAAAAGGCAAGAAGTTACTTGGAGTTTGTGGAGGATTTTATTCAGGTTCCCAG
GAATCTTGTTGGAAAAGTTATTGGAAAAAATGGAAAAGTGATTCAGGAGATTGTAGACAAGTCTGGAGTCGTCA
GGGTGAGGATTGAAGGAGATAATGAAAATAAACTGCCTCGTGAAGATGGAATGGTACCATTTGTATTTGTGGGT
ACTAAAGAAAGCATTGGAAATGTCCAGGTTCTTCTAGAATACCACATTGCGTATCTGAAGGAGGTAGAACAACT
AAGACTGGAAAGGCTCCAGATTGATGAACAACTGCGTCAGATTGGTATGGGTTTCAGACCTTCCTCTGCTAGAG
TTCCCGAAAAAGAAAAGGGTTACACAACTGATGAGAGTACCCTGTCCTCAGTACAAGGTTCCAGATCATACAGC
GGAAGAGGGAGAGGCCGCAGAGGCCCCAGTTACACATCTGGTTACGGTACAAACTCTGAGCTCTCTAATCCCTC
TGAAACAGAATCTGAGAGAAAAGATGAACTTAGTGACTGGTCCTTGGCAGGAGAAGACGACAGAGAAAGCAGAC
ATCAGCGTGACAATAGACGACGTCCTGGAGGACGAGGACGCAGTGTTTCTGGAGGCCGTGGACGTGGCGGACCT
CGTGGTGGCAAGTCATCCATTAGCTCTGTGCTTAAAGATCCGGACAGCAACCCTTACAGCTTACTTGATAATAC
AGAGTCGGACCAGACTGTGGATACTGATGCCAGTGAATCTCACCACAGTAGCAACCGTCGCAGGAGGTCACGCA
GGCGAAGGACTGATGAAGATGCTGTTCTAATGGATGGAATGACAGAGTCTGATACAGCTTCTGTTAATGAGAAT
GGTTTAGTAACAGTAGCTGATTATATATCACGAGCTGAATCTCAGAGTAGACAGAGAAACCCTCCGAAGGAGAC
GCTAGGCAAAACCAAGAAAGAGGCGACAAAAGATGCGATTGACGAAAACAGCCCTTCTGAAAAGGCAGTGAATG
GTCCTGCCACCACCTCTGGGGATGAGCCTTCTAAACTACAGCACAGCCCTGATGAAAAGAAAGTCACTGTTCAG
GAGGATGGAAATAATCAGGAAGAAGCAGTGCTGAATGGTGTTTCATAAACTGAAGTTCCTAGTTTACAGTTCTT
CTACATTACATTTAAAATAGTGCTTGTATAAGCTTGCCAAAGATAGAATATGGATCGCCAGTCTTGACACCGCA
CTTTCAGTTCCTCCATTTTGGAATACAGAAAGGGGAGGGATCCTGGAGAAATCATATGTTAAACATACTTTGAC
ACCTACTGTGTTATAAATATATCATCAGATGTGCCTTGAGATAGTATATGTAACATTTAAATAAACAAAATTGC
TGGCTATAGGAAATGTTATTTTGTTTTCAAAATACGGCAAAGATGTGAGGGGGGATCCCTAACATAATACTCTT
TATGAAAGCATTAGCTGCTTTTGTTACATTTTTAATAATATGCAACCACTTCTTCACCTGAGGAATACTAGAAA
GAAATGCAGTCTAAAATATTTTGCACTGAAATGTAATTTCTCCATTAGTTTAGTCTGGAAACTGGTCTGTTTTA
ATACATGTTTTTTAAATGCTGTATGTAGAGGAAAAATCTGCAGACCACTGGAATGCATTTGTTAAATTCTCATA
ATCTGCAGGGATACTGGGTGACATTGGCAGTGACTGTTCTACATTGAGGCTTTGTTTGGTTTATTTATTAAACT
GTACAGTATTTAAAAATCAAACATAGCTTTAGTTAACACTAAGCTGAATTAGTCATGTCCATTAAGACATAACC
TGAACTACTGAAAAGATCAATTTCCAGAAAGTTTATTCTGTATNAACTACATATGTTAGTCCTTAGTAGAGTAT
TTTTATTTTTGGTTTTGGTTGTTTGATGTGCAATATGTTTTTTTTGTATGCTGGTAGTAAAAGAAAATAAACTT
TGATCTTCCAAAAAAAAAAAAAAAAA 
 
Fig. 11.  cDNA sequence of the zebra finch fragile X related protein-1.  cDNA sequence 
showing the translation start site, and stop site with final codon, both underlined and in 
boldfont.  Note that the 5’-UTR may not be complete. 
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CCCTAAACTGCATAACTCTGAAGTCATACTTCCTATACTGTTTCAGTAATTCCTATTCCATGTTAGAGAAACTT
GTTAGGCCAAAGACAAAATAGTAGGCAAGATGGCGCAGGGCATGAAATGAACATATGTTCTCTGTTAGCCTTTT
TTAACATCAACAGTATGCAGTTGTTTTCAGAATAAGAAGTTATTCAAATATTTGCATAAAAATACCTGAACTTC
TGAAAATTGCTTCCAAGTACATATTGCAGTTCAAACAATGAAAGATTCTTTTTTGTTTGTTTTAAAAATACTGA
GCTGTGCATTGGTAAACTTTCTGTTCAGTTGTACCATTTTAACACATCGGGTCAAATTCACTGCTCAATTTCAA
TTTTCAGAATAAATAGTGTTTGCAGTAATCAAATTGGCTTCTGTTTTCAATCTAACTTACCAGTTCTTCATGAA
ATGCTATGTCGTTTTATGTCCTGTGTCAGTTCACATTCTGGTCCACCTTTTTCAATATTTTGGTGGACCCTGAA
ATCTGTGTGATGTAACAATTGTCATTTTCATTAGCAAAAAAGTTGTATGATCTGTGCCTTTTTTATATCTTGGC
AGGTAGGAATATTATATTTGGATGCAGAAATCAGGGAAGATGAGTTGGTAACACTAAATGTAAAATATATGTAG
CAATCCTTGTCAGACGTTAGTACTTTATAGACAAGTGCATGCTTTCCATAATTTTTTCCTTACATAAACATTCA
GTTAGGCAGTTATAAGAATAGGAAATTTATTTTGCACTGAAGATTTGGCAAATAGTGTTATTGAAAAAGGGGTG
TAATTTTTTTCTTTGTAGGCAGTACAGAAGCTTTTTTTTTTAAAAAAGAAAAACTAAAAAAAAAAAATCTTTCC
ATTGTGGAAAACTAATAAACTCATTGTTACTGAGGGAACAAGTGTAACATGTTCACAAGCTAGTAATGGGTGCC
TGCTGTTTGGCCAGATGACCAGCCTAAAGCATTGATGGCTTTCATCCTCCCAAAATTTTTGAATTGCTTATTTT
AATTTGGGGGCTATTTCAGGAGAGATAAGAAGAAAGTCGCCACATGTCATGCCCTGGCAACTACAGATACAGTA
GCCAAAATATTGAAGGTAAAATAAAAGTTCTTCATATTTTGAGCTGCAGGGTCCTAATTACCAGCCAATATGAA
GGTGTCACAGAATTTGATCCAAAGTACAGCTGTACACCAGGGAAGGGTGGGAAGTGGTGGGAGGAGCTGTGCTT
TCTTTCATTTCTGATCACACGTTAAACTTACTGGGCACAACTGCATAAGGACCTTCATTTTAGTCCATTTTTGT
TCAGATTACTCCAGAAGGAGAGCCACTGTTTATGTACAGAATTGTACAAACTTGACCTTGCCTCTGATGTATTT
TGTGAGTTTTGTTTCTTTGCTTTCTTCATTCTTTTTTTTCCTTGCATACAGGTGAGCATACTAAAACTGGCAAT
GAACTGCACATGATTTAACAAATATAAAATGTCTTAAAAAGTATTGCCAAACATTAATGTTGATTTCTAGTTAT
TTATTTTGGGAATGTATAGTATTTGAAAACAGAAATTGGTACCTTGCACACATCATCTGTAAGCTGTTTGGTTT
AAAATACTGTAGATAATTAACCAAGGTAGACTGACCTTGTAATGTAACTGCTCTTGGGCAATATTCTCTGTACA
TATTAGCTACAACAGATTGGATTTTATGTTGACATTTGTTTGGTTATAGTGCAATATATTTTGTATGCAAGCAG
TTTCAATAAAGTTTGATCTTCCTCTGCTAACTGATGTTGATGCAATCCTTATGAATGATTGCTTTAAAAAATTT
CAGCTGACAGTAGAAAGTATTTCTTTGTTTAGACTTTTAACTGTAGCCATTGGTTATTTACACATTTTTAGAAA
AGTCTCAAATATTACCATATTTCAAAAATACAGCACAAAATGCTCAAGAAGACAGAGTCTCCTCATGGAATGGT
ACCTGTTGAGTGGTTGCTCTTCATGCATTCGTTTCTCATATTCAATGGTTGAGTTCACTAAGGTGCTAACCCAG
GTAAATGTGAAATTCCTAAACCACAGTCTGACTAATTGGCTGCATTCCATTTCCACGTGGGTTTTGGGGTTATA
AACTTTTTCAGTATTTGTGTACTTAACATATATCCCTTTCAGTTCATATTCCAGTGATTTCAAATGTTATTAAA
TTACAACAAATTAACCTGTGAATCTAAATGTACACTTTTATTTTGAAAAGTCATGTTGTTACAAAACTTGAAAG
TGCAACAAATGTCTGATGCTTGAGTTCAGGTCCGTCCTATTGGTAACTATTATAAAGTACGGTCTAATGAATTA
AAATTATTTTTAAAATAAAGTTCTTTGAAAGAGTAAGAGGTATTTGTGAATCATGCCAAAATCTAAATTCAGTA
AGGTTAAGCTCAAAGCATATGAATTAACAAATGCTTTAAAAAATAGAAAAGTTTTTGTTTCTGTTGTTTACTGA
ATTAATTTTTGTTAATGATGGGTGGGGAGTTAAGATTTTCAGAGTGGTTATTAAAACTTCATCAAGGAAAAAAA
AAAAAAAAAAA 
 
Fig. 12.  The 3’UTR of TguFmr1 with Dharmacon-designed siRNA target sites 
highlighted.  Shown is the 3’-UTR of TguFmr1, beginning with the final codon and 
translation stop site (boldface font and underlined), with the siRNA target sites shown in 
color and underlined.  siRNA 1: Purple; siRNA 2: Green; siRNA 3: Red; siRNA 4: Blue. 
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Fig. 13.  Potential siRNA candidates to knockdown TguFmrp in finch brain.  Candidate 
sequences 1-4 and a pooled sample (all) were individually introduced to Cos-7 cells co-
transfected with TguFmrp-EGFP, and evaluated for knockdown efficiency via Immunoblot 
(IB) for TguFmrp.  M: mock-transfected Cos-7 cells; TxF: transfected cells without siRNA 
treatment.  Size markers in kDa are shown on left.  Percent knockdown shown below.   
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Fig. 14.  Model for oligonucleotide duplex containing shRNA. Shown is the model 
provided by Dr. Pavel Osten for generating two annealable oligonucleotide strands to encode 
shRNA.  The top strand is the coding strand.  The G shown at transcription start site (+1: 
TTTG is the transcriptional start site for RNA pol III) will be the third nucleotide in the 
shRNA target site sequence (see Table V1, Column B).  The coding strand must end with 
five T’s as they make up the transcription stop signal for RNA pol III.  The 5’ overhang is a 
BbsI cut site and the 3’ overhang is a BstBI cut site for direct cloning into pCMV-U6.  The 
n’s designate the 21pb shRNA sequence (in our case 19pb); the X’s designate the loop 
sequence: 5’-GTGAAGCCACAGATG-3’.   
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Fig. 15.  shRNA candidates 1-5.  Potential shRNA candidates 1-5 in pCMV-U6 were tested 
for efficiency against exogenous TguFmr1-tg in Cos-7 cells.  Total protein lysate was probed 
for Immunoblot (IB) by antibodies against TguFmrp and eIF5 as a loading control.  
Molecular weight in kDa shown at left.  Knockdown (KD) efficiency calculated as percent 
knockdown compared to cells with TguFmrp-tg alone, no shRNA treatment (TxF), shown 
below.   
 99 
 
 
Fig. 16.  shRNA candidates 6-10,C.  Potential shRNA candidates 6-10 and a control non-
targeting sequence (C) were tested for efficiency against TguFmr1-tg in Cos-7 cells.  Total 
protein lysate was probed for Immunoblot (IB) with an antibody against TguFmrp.  Ponceau 
S stain shown as a loading control.  Because there is no quantifiable loading control, it was 
not possible to calculate knockdown efficiency for shRNA6-10, C.  Molecular weight in kDa 
shown at left.  
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Fig. 17.  Confirmation of potential shRNA candidates.  Potential shRNA candidates 1, 9, 6, 
and 8, along with a non-targeting control (C) were tested for efficiency against TguFmr1-tg in 
Cos-7 cells.  Total protein lysate was probed for Immunoblot (IB) by antibodies against 
TguFmrp and eIF5 as a loading control.  Molecular weight in kDa shown at left.  Knockdown 
(KD) efficiency calculated as percent knockdown compared to cells co-transfected with 
TguFmrp-tg and empty shRNA vector (V).  M: Cos-7 cells without transgene or shRNA; TxF: 
Cos-7 cells expressing transgene but no shRNA.   
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Fig. 18.  Cultured zebra finch neurons express endogenous TguFmrp.  Finch neurons 
were cultured with or without Fibroblast Growth Factor (FGF) and tested via 
Immunocytochemistry for endogenous TguFmrp.  Cells were co-stained with DAPI to 
identify nuclei.  As a control for autofluorescence, some cells were stained without primary 
antibody.  
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Table 4. Design of shRNA candidates against TguFmrp. (page 1 of 4) 
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Table 4, cont. (page 2 of 4) 
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Table 4, cont. (page 3 of 4) 
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Table 4, cont. (page 4 of 4) 
 
 
Table 4. Design of shRNA candidates against TguFmrp.  The 3’-UTR of TguFmr1 was scanned for sites that accommodated our 
criteria as explained in the text.  Column A) numbers for reference; B) potential sites; C) location within section of the 3’-UTR; D) G-
C content of shRNA; E, F) names and sequences of oligonucleotides to make the shRNA candidates.  Nomenclature is as follows: TF 
for TguFmr1; sh for shRNA; #; s for sense; as for antisense.  For example, TFsh1s is the sense, or coding strand (top strand in Fig. 14) 
for shRNA #1; TFsh1as is the corresponding antisense strand.  
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Chapter 5 
FMRP and the neuronal miRNA pathway 
 
Abstract 
 
The fragile X mental retardation protein (FMRP) and microRNAs (miRNAs) are both 
regulators of protein translation.  The regulation of translation by FMRP is modulated by its 
phosphorylation status.  The rate-limiting enzyme in miRNA production is Dicer.   FMRP 
associates with Dicer while phosphorylated FMRP (P-FMRP) cannot; additionally, P-FMRP 
associates with precursors to miRNAs (pre-miRs).  Here we continue this work examining 
the role of FMRP and P-FMRP in the miRNA pathway to regulate dendritic protein 
translation in neurons.  We show evidence that FMRP and P-FMRP are distributed in 
similarly sized granules in neurons, and that P-FMRP cannot interact with Ago2 while FMRP 
can.  We also present preliminary sequencing results for pre-miRs associated with P-FMRP, 
and preliminary evidence that the protein does not bind directly to pre-miRs. 
 
Introduction 
 
FMRP is an RNA-binding protein that regulates translation of its bound mRNAs 
(Laggerbauer et al., 2001; Li et al., 2001).  Previous work has shown that this regulation of 
translation by FMRP is modulated by its phosphorylation state (Ceman et al., 2003) and that 
FMRP associates with Dicer while P-FMRP cannot and P-FMRP concomitantly associates 
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with pre-miRs (Cheever and Ceman, 2009a).  It has also been shown that FMRP associates 
with mammalian proteins of the miRNA pathway (Jin et al., 2004; Wulczyn et al., 2007; 
Cougot et al., 2008).  In this work we looked to expand on these previous studies and further 
explore the role of FMRP in the mammalian neuronal miRNA pathway, with the possibility 
that P-FMRP has a distinct role.   
 
Precise regulation of neuronal translation is critical to proper development and maintenance 
of a nervous system.  This can be effected by calculated responses to synaptic stimulation.  
Some responses are protein-synthesis dependent, such as certain forms of long-term plasticity 
and depression (LTP and LTD, respectively) (Huber et al., 2000; Huber et al., 2001; Snyder 
et al., 2001; Abraham and Williams, 2008).  In FMRP knockout (KO) mice, which have 
resultant altered local protein synthesis (Bassell and Warren, 2008), abnormal response to 
glutamate signaling leads to abnormal LTP and LTD – the “mGluR theory” of FXS – see 
(Bear et al., 2004; Auerbach and Bear, 2010).   
 
miRNAs are small, genetically-encoded but non-coding RNAs transcribed by RNA 
polymerase II into primary-miRNAs (pri-miRs); pri-miRs are converted into ~80nucleotide 
hairpin pre-miRs in the nucleus, then are further processed into a mature single-stranded 
miRNA held by an Argonaute (Ago) protein as the RNA-interference (RNAi)-induced 
silencing complex (RISC) (Filipowicz, 2005).  Humans have four Agos – Ago2 is involved 
in the miRNA pathway while Ago1 functions in the related silencing RNA (siRNA) pathway 
[reviewed in (Perron and Provost, 2009)].  Dicer, Ago2, and FMRP have been found together 
in synaptoneurosomes prepared from mice (Lugli et al., 2005).  Intriguingly, Ago3 and Ago4 
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(and FMRP and Dicer) have been shown in rat axons along with functional miRNA 
processing, indicating that protein translation regulation via the miRNA pathway is an 
important facet of neuronal regulation (Hengst et al., 2006).  Another link between FMRP 
and miRNAs might be MOV10, a putative RNA helicase first seen affiliated with FMRP in a 
protein-pull-down assay (Stephanie Ceman, unpublished observations) and recently observed 
associated with Dicer and Ago2 (Chendrimada et al., 2007). 
 
In order to explore further the role of FMRP and miRNAs in synaptic translation, we 
examined the complex association of FMRP and P-FMRP with key miRNA pathway players, 
namely Ago2, Dicer, and MOV10.  In addition, we began to piece together the puzzle of this 
complex by examining the specific association of FMRP and P-FMRP with pre-miRs.  Here 
we show the relevant proteins examined distribute in similarly sized granules in neurons, and 
present sequencing results for pre-miRs that co-precipitate with P-FMRP out of mouse brain.  
Finally, we show differential association of FMRP with Ago2 and MOV10 based on its 
phosphorylation status, and preliminary indication that FMRP does not bind its pre-miR 
cargo directly.   
 
Materials and Methods 
Isolation of total protein from mouse brain 
Total protein was isolated from brain samples as described (Winograd et al., 2008) with the 
exception of lyse buffer composition.  Here we used IMAC  (Immobilized metal ion affinity 
chromatography) buffer from (Kanai et al., 2004), supplemented with protease and 
phosphatase inhibitors.   
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Immunoblot 
Proteins were examined by immunoblot as described (Winograd et al., 2008).  Antibodies 
used were: P-FMRP: phospho-specific antibody as described (Cheever and Ceman, 2009a); 
FMRP: 1C3 (Devys et al., 1993); Fxr1: anti-Fxr1 antibody #2107 generously provided by 
André Hoogeveen (Erasmus MC, Rotterdam, Netherlands); Dicer: sc-30226 (Santa Cruz 
Biotechnology Inc., Santa Cruz, CA, USA); Ago2: ab57113 (Abcam Inc., Cambridge, MA, 
USA); MOV10: A301-571A (Bethyl Laboratories Inc., Montgomery, TX, USA).  
 
Fractionation of proteins over sucrose gradient 
Linear 15%-30% sucrose gradients were prepared as in (Cheever et al., 2010).  Neuronal 
protein preparation S2 was overlayed on the gradient and centrifuged for 30min at 284100xg 
at 4C.  Each gradient was fractionated into 0.5mL fractions by bottom displacement using a 
gradient fractionator (Isco) with the ribosomal profile monitored at 254nm.  Proteins were 
TCA-precipitated from the fractions and analyzed by immunoblot. 
 
Immunoprecipitation (IP) of P-FMRP for associated proteins or nucleic acids 
Proteins: P-FMRP and FMRP were IP’d from L-M(TK-) cells stably expressing FLAG-
FMRP as described (Cheever and Ceman, 2009a).  Nucleic acid: P-FMRP was IP’d from 
wild-type (WT) mouse brain (tissue generously provided by the laboratory of Dr. William 
Greenough, UIUC) using lyse buffer as described (Brown et al., 2001) supplemented with 
RNAse, protease, and phosphatase inhibitors.  Lysate was then treated with Trizol to liberate 
RNAs from protein; the RNA was subsequently ethanol-precipitated, resuspended in 
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nuclease-free water, and submitted to the Keck Sequencing Facility at UIUC for sequencing 
of 70 nucleotide (nt) -90nt RNA species. Importantly, we did not bias the sequencing results 
for pre-miRs, rather asked for identity of any and all ~80nt sequences associated.  
Accordingly, RNAs at 70-90nt were purified, any 5’ modifications were removed with 
Antarctic phosphatase, and then the RNAs were treated with polynucleotide kinase.  Linkers 
were annealed, and the resulting RNAs were sequenced and analyzed.   
 
Purification of recombinant FMRP 
Recombinant proteins were made in BL21 cells using pET21a plasmid containing human 
FMRP KH1/KH2 domain (generously provided by Jennifer Darnell, Rockefeller University, 
NY, USA) and pET21a plasmid containing full-length human FMRP with a FLAG tag 
(Stetler et al., 2006).  Protein was purified using the Ni-NTA Purification System 
(Invitrogen, Carlsbad, CA, USA) as per manufacturer’s instructions.  Before use, protein was 
cleaned and concentrated over YM-30 columns (Millipore, Billerica, MA, USA). 
 
Electrophoretic mobility shift assay (EMSA) 
Electrophoresis was performed in 6% native polyacrylamide gels at 4C in 0.5x TBM (Darnell 
et al., 2005).  RNA was transcribed in vitro as described (Darnell et al., 2005) with RNAse-
free DNase treatment for 15min at 37C followed by cleaning over G25 columns (GE 
Healthcare, Piscataway, NJ, USA).  50,000cpm RNA and 4µg protein were combined and 
analyzed as in (Darnell et al., 2005).  Probes for kc2 and mutant kc2 were generously 
provided by Jen Darnell.  The following templates were used to generate mmu-pre-miR-134, 
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mmu-pre-miR-132, and miR-132 probes using T7 RNA polymerase, listed as 5’-3’ (coding 
strand): 
mmu-pre-miR-134: 
AGTAATACGACTCACTATAGGGTGTGTGACTGGTTGACCAGAGGGGCGTGCACT
CTGTTCACCCTGTGGGCCACCTAGTCACCAACCCT 
mmu-pre-miR-132: 
AGTAATACGACTCACTATAGGGCAACCGTGGCTTTCGATTGTTACTGTGGGAACC
GGAGGTAACAGTCTACAGCCATGGTCGCCC 
miR-132: AGTAATACGACTCACTATAGGGTAACAGTCTACAGCCATGGTCG 
 
Results 
FMRP, Dicer, Ago2, and MOV10 can be found in mouse brain cytoplasmic protein 
preparations via immunoblot. 
As a first step in determining the proteins that FMRP and P-FMRP interact with in 
mammalian neurons, we performed size-dependent separation of neuronal granules from WT 
mouse brain via a sucrose density gradient, modeled after the fractionation used in (Kanai et 
al., 2004).  To optimize our harvesting of total brain protein, which we would then 
fractionate over the sucrose gradient, we isolated protein in an assay modeled after that used 
in (Winograd et al., 2008).  To be sure our preparation containing cytoplasmic protein did in 
fact contain our proteins of interest, we analyzed samples from each step of the protein 
isolation preparation by immunoblot (Figure 19).  The antibody used to identify FMRP has 
cross-reactivity with Fxr1; therefore, we used protein lysate from KO mouse brain to confirm 
the identity of the FMRP signal.  Additionally, we used an antibody specific to Fxr1 to show 
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that a) the top immunoreactive band for FMRP is in fact FMRP while the bottom bands are 
Fxr1 and b) our FMRP KO mice were truly KO.  We were also able to identify MOV10, 
Dicer, and Ago2 in our cytoplasmic (S2) preparation.  Satisfied that our S2 preparation was 
usable, we proceeded to the sucrose fractionation.   
 
P-FMRP is in middleweight granules along with FMRP, Ago2, and Dicer, but MOV10 
is in lighter granules with minimal overlap. 
Total cytoplasmic protein was separated over a 13mL discontinuous 15%-30% sucrose 
gradient over a (60%) cushion.  0.5mL fractions were collected in order of increasing mass, 
and every other sample was treated with TCA-precipitation to isolate fractionated granules.  
These granules were then separated by denaturing electrophoresis and analyzed by 
immunoblot for presence of proteins of interest (Figure 20).  It can be seen that FMRP and P-
FMRP are present in middle-to-heavy weight fractions (P-FMRP is not seen in heavier 
fractions but it is impossible to tell if this absence is truly an absence or merely a population 
of P-FMRP below the immunoreactivity threshold of the antibody).  Ago2 and Dicer are seen 
throughout the gradient (if the immunoblot containing lighter fractions is exposed for a 
longer time, Ago2 immunoreactivity can be observed in the lighter fractions as well – data 
not shown).  Intriguingly, MOV10 was seen only at the cusp of light-to-middle-weight 
fractions; especially exciting was its disappearance as P-FMRP immunoreactivity increased.  
Furthermore, only one fraction (see Fig. 20, fraction 9) contained all the proteins of interest, 
indicating they are either all present in granules this size or in independent, similarly sized 
granules.  It must be noted that just as P-FMRP cannot be ruled out of heavier fractions at a 
level below antibody threshold, the same effect could have occurred with MOV10.  
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FMRP, but not P-FMRP, can interact with Ago2; both proteins can interact with 
MOV10 although P-FMRP only weakly. 
 
The sucrose fractionation data shown in Figure 2 can tell only that the key miRNA players 
examined are found in similarly sized granules but not necessarily the same granules.  To 
begin to address how the three-dimensional puzzle of proteins fits together, we analyzed 
immunoprecipitates of P-FMRP from L-M(TK-) cells stably expressing FLAG-FMRP, for 
co-IP-ing protein partners.  Previous work showed that FMRP, but not P-FMRP, could 
interact with Dicer, potentially through a protein bridge (Cheever and Ceman, 2009a), 
suggesting that phosphorylation of FMRP inhibits Dicer from cleaving pre-miR cargos of P-
FMRP.  It has also been shown that Ago2 binding inhibits Dicer activity (Tahbaz et al., 
2004); we therefore asked if phosphorylation of FMRP permitted Ago2 as the protein bridge.  
P-FMRP or FMRP were purified from cells using a P-FMRP-specific antibody (PSER), a 
phospho-indifferent antibody (NP), or pre-immune rabbit serum (PIS) as a control and 
analyzed for co-IP with Ago2.  We were surprised to find that FMRP but not P-FMRP could 
interact with Ago2, just as with Dicer (Figure 21).  Because MOV10 seems to switch off with 
P-FMRP in granules (see Fig. 20, fractions 7-11), we also asked if MOV10 could interact 
weakly with P-FMRP but more strongly with FMRP.  Figure M3 supports this idea: MOV10 
immunoreactivity is seen much more strongly with FMRP than with P-FMRP.  Although 
these results were not quantified due to lack of a loading control with an IP, IP-ing antibody 
amounts were utilized that purify equal protein amounts, as deduced in (Cheever and Ceman, 
2009a).   
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The KH1/KH2 domain of FMRP does not bind directly to pre-miR-134 
We next asked if FMRP could bind pre-miRs directly.  We chose to examine brain-specific 
pre-miR-134 because of its role in dendritic spine development (Schratt et al., 2006).  To 
address both questions of 1) does FMRP bind directly to pre-miR-134 and 2) which part of 
FMRP binds the pre-miR, we also chose to use a portion of human FMRP, namely the 
KH1/KH2 domains.  As a positive and negative control, respectively, we used kc2 and 
mutant kc2, shown to bind and not bind FMRP’s KH2 domain (Darnell et al., 2005).  We 
found that while our purified recombinant KH1/KH2 domains could bind kc2 but not mutant 
kc2, it could also not bind pre-miR-134 (Figure 22).  It should be noted that we used human 
protein but murine pre-miR, which differs slightly in sequence and structure from human pre-
miR in both overall length and shape of the hairpin loop bulge. 
 
P-FMRP associates with pre-miRs in mouse brain 
Previous work showed an increased population of ~80nt RNA associated with P-FMRP when 
compared to FMRP, which we suspected to be pre-miRs because P-FMRP could not 
associate with Dicer (Cheever and Ceman, 2009a).  We wanted to ask if these RNA species 
were truly pre-miRs vs. some other ~80nt RNA such as tRNA.  It was important to determine 
this distinction because it has been shown that a tRNA species can interact with Ago2 
(Maniataki and Mourelatos, 2005a).  Thus, we immunoprecipitated P-FMRP from WT 
mouse brain, isolated associated RNAs, and submitted them to the UIUC Sequencing Facility 
for deep sequencing analysis (see Methods).  Table 5 shows our top fifteen pre-miR results 
along with pre-miR-132, another candidate we were interested in since mature miR-132 was 
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shown to associate with FMRP (Edbauer et al., 2010).  (It is important to note that due to 
limiting amounts of P-FMRP specific antibody, we were unable to IP from KO mouse brain 
and thus must validate these sequencing results by some other means such as quantitative 
RT-PCR on RNA co-IP’d with P-FMRP from KO and WT brain, once more antibody 
becomes available.)   
 
Full-length FMRP does not bind directly to pre-miR-132 
While awaiting sequencing results, we were able to purify full-length recombinant FLAG-
FMRP.  We wanted to address the EMSA once more, as prior work with only KH1/KH2 
domain could not rule out the necessity of the entire protein for the proper overall structure 
that could then bind pre-miR.  We chose to focus on pre-miR-132 because the mature miR 
had been observed associated with FMRP (Edbauer et al., 2010).  Accordingly, we designed 
EMSA probes to murine pre-miR-132 and mature miR-132, which is identical in mouse and 
human.  Using the same positive and negative controls as in Fig. 22, we found that full-
length human FMRP can still bind kc2 but not mutant kc2, and cannot bind directly to either 
miR-132 or murine pre-miR-132 (mmu-pre-miR-132) (Figure 23).   
 
Discussion 
Precise temporal and spatial coordination of protein translation is necessary for navigation of 
neuronal components around neuronal architecture.  Neuronal granules capable of 
responding to synaptic stimulation would provide an efficient means for temporal regulation.  
If these granules could be connected to a transport system such as microtubules, then spatial 
regulation would also be accomplished.  In fact, FMRP has been observed to associate with 
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kinesin and participate in motor-driven movement along dendrites and axons (Kanai et al., 
2004; Antar et al., 2005).  Furthermore, FMRP has been proposed to be part of a larger 
micro-RNA containing ribonucleoprotein complex (miRNP) (Plante and Provost, 2006).  It 
would be interesting to determine if this miRNP is actively transported to distal dendrites for 
local miRNA processing.  
 
Determining the composition of the miRNP containing FMRP will be challenging.  As a 
start, simplistic two-way association studies must be made between components such as 
proteins and miRNAs.  Here we show results that indicate MOV10 association as a switch 
between granule identity (where identity is conferred by composition).  P-FMRP cannot 
interact with Ago2 directly, yet seems to be in the same granule (or a similarly-sized 
granule).  These results, though intriguing, were achieved through different systems (co-IP 
data is from L-M(TK-) cells; sucrose gradient data is from mouse brain) ergo the co-IP ought 
to be repeated from mouse brain once more P-FMRP specific antibody becomes available.  
Furthermore, MOV10 seems to prefer P-FMRP to FMRP but can in fact associate with both.  
Again, the co-IP ought to be repeated from mouse brain.   
 
Yet the granules are three-dimensional, and not necessarily identical in nature (Kiebler and 
Bassell, 2006).  Future techniques must be developed to address how three or more 
components in association could affect particular affinities between binding partners.  
Furthermore, the sucrose density fractionation data shows only that these proteins are found 
in similarly sized granules; protein pairs will need to be co-IP’d from these fractions to 
determine if the proteins are in the same granule. 
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It would also be interesting to purify miRs and pre-miRs from the sucrose gradient fractions 
and identify the RNA species associating with these key players.  Future work could attempt 
to visualize FMRP and/or P-FMRP with these RNA species along the dendrite and at the 
synapse, perhaps through co-immunostaining with coincident in situ hybridization.  In 
addition, a developing technique that may prove fruitful, once quantitative PCR is optimized 
for pre-miRs, might be in situ quantitative reverse transcription PCR (qRT-PCR).   
 
As a first step in identifying pre-miRs associated with P-FMRP, we performed deep 
sequencing analysis on 70-90nt RNA species that co-IP’d with P-FMRP from mouse brain.  
These results are unable to be compared to a control IP; therefore, it would be beneficial in 
the future to perform a control IP, such as from FMRP KO mouse brain, which could be used 
to validate the first IP by confirming RNA species that bind to P-FMRP as opposed to the IP-
ing antibody.  Further validation could be from qRT-PCR of RNA co-IP’d with P-FMRP 
from mouse brain.  Both these proposed experiments require more P-FMRP specific 
antibody, which is currently unavailable.   
 
Nevertheless, we chose to use a candidate P-FMRP-interacting pre-miR from the deep 
sequencing results and examine its direct binding capability to the human full-length protein 
FMRP.  At our experimental salt concentration of 50mM sodium (Darnell et al., 2005), we 
did not see evidence of direct binding; it would be interesting to test the ability of FMRP to 
bind pre-miR or miR under physiological salt conditions, or 150mM potassium (Iacoangeli et 
al., 2008). Additionally, we tested the direct binding using the human protein with murine 
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pre-miR (mature miR-132 is identical in mice and humans).  It would thus be beneficial to 
test human pre-miR with FMRP.  A further caveat of the presented data is that when 
performing an EMSA, one must assume one protein (or homopolymers) binds an RNA 
species independently.  It is possible that FMRP binds to pre-miR only when the protein is 
bound elsewhere by another protein or nucleic acid (such as an mRNA) and therefore in the 
proper orientation.  It would be interesting to explore this hypothesis in the future.   
 
An alternate hypothesis would be that FMRP can bind pre-miR only when the protein is 
phosphorylated and thus a particular confirmation that would allow access to the RNA-
binding domain(s).  Recombinant protein is not phosphorylated by bacteria; therefore, the 
purified protein could be treated with a kinase and the P-FMRP could be tested by EMSA.  
Still another hypothesis is that FMRP or (P-FMRP) binds to its associated pre-miR or miR 
[association with miR has been shown by (Edbauer et al., 2010) and with both miR and 
mRNA has been shown by (Lugli et al., 2008)] through a bridging protein or nucleic acid 
partner such as a mRNA/miRNA or pre-miR forming the kissing complex RNA motif 
(Darnell et al., 2005) that can bind FMRP.  A variations on this model has been proposed 
(Edbauer et al., 2010).   
 
Furthermore, the isoform of FMRP or P-FMRP may be significant.  Our experiments were 
performed with full-length protein; in fact, cells keep this full-length isoform only 20% of the 
time (Ro-Choi and Choi, 2007).  It is conceivable that different isoforms take on different 
conformations that could affect RNA binding.  The experiments outlined above would best 
be repeated with other isoforms and the results compared.   
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FMRP (or P-FMRP) might also be in the same granule as the pre-miR, but the protein could 
bind the miR only after it has been released from Dicer, a model supported by evidence 
shown in (Plante et al., 2006), based on studies using human FMRP. 
 
It would also be interesting to explore if these granules are transport granules.  FMRP has 
been shown to have motor-driven movement in dendrites (Dictenberg et al., 2008) and also to 
associate with kinesin (Kanai et al., 2004).  Additionally, P-FMRP has been observed via 
immunostain in dendritic granules (Narayanan et al., 2007).  To add to the model of FMRP 
or P-FMRP with miRNA pathway players, FMRP has been shown to co-IP with Dicer while 
P-FMRP does not (Cheever and Ceman, 2009a).  Lugli et al. suggest FMRP is involved with 
bringing pre-miRs to dendrites while simultaneously protecting these pre-miRs from 
processing by Dicer, or that FMRP is involved in sequestering mature miRs thus preventing 
the cell machinery from utilizing this miR to affect mRNA (Lugli et al., 2008). 
 
In summary, the role of FMRP and/or P-FMRP in the neuronal miRNA pathway is far too 
complex to deduce in a short study.  Much future work will be needed to develop a practical 
model for both miRNP granule composition and the steps between pri-miR generation and 
miR-directed mRNA processing, including transporting pre-miR or miR out to the synapse, 
reacting to cell signaling, and organization of pathway components to carry out these steps. 
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Fig. 19.  Proteins of interest can be visualized by immunoblot of fractionated protein 
lysate of mouse brain, and are present in fraction S2.  Whole brains of wild-type (WT) 
and Fmrp-KO (KO) mice were lysed and fractionated as described in the Methods.  Each 
fraction was examined via immunoblot for particular proteins, as indicated on the left.  
Asterisk shows top band recognized by Fmrp antibody to be Fmrp (lower bands are Fxr1); 
note its absence in KO.   
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Fig. 20.  P-Fmrp found in same size granule as Fmrp and Ago2, but appears to switch 
with MOV10 and Dicer.  Shown are S2 fractions of protein lysate run over 15%-30% 
sucrose gradient, with samples collected in ascending mass order, i.e. the lightest sample is 1 
and the heaviest sample is 25.  Samples were analyzed via immunoblot (IB) for proteins as 
indicated on left.  Load: loading control sample of S2 that was not run over the sucrose 
gradient. Note that the samples were split over two IBs (samples Load-13; 15-25) that were 
not necessarily analyzed together, so quantitative comparison between IBs is not possible.  
Note also that some samples ran peculiarly; for example, sample 7 ran narrowly. 
 122 
 
 
Fig. 21.  P-Fmrp does not associate with Ago2 and only weakly with MOV10; Fmrp 
associates with both.  LMTK- cells stably expression Fmrp were Immunoprecipitated 
(IP’d) with phospho-ambivalent antibody NP, phospho-specific antibody PSER, or pre-
immune rabbit serum (PIS).  IP’d proteins were analyzed via Immunoblot for proteins as 
indicated on the left.   
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Fig. 22.  KH1/KH2 domain of FMRP does not bind directly to mmu-pre-miR-134.  
Shown is an EMSA testing purified recombinant FMRP KH1/KH2 domain for direct binding 
to mmu-pre-miR-134.  + control is kc2; - control is mutant kc2; both controls from (Darnell 
et al., 2005).   
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Fig. 23.  At a salt concentration of 50mM, FMRP does not bind directly to mmu-pre-
miR-132.  Shown is an EMSA testing purified recombinant full-length FMRP for direct 
binding to mmu-pre-miR-132. + control is kc2 from (Jen); - control is mutant kc2 from (Jen).  
Free probes are indicated on the right; the hatched arrow indicates kc2 probe with shifted 
migration due to binding by FMRP.  Blank lanes between sample lanes 3 and 4 are due to 
unusable wells in the gel.  Black marks at upper corners are artifacts.  Prefix to pre-miR-132 
(mmu) stands for Mus musculus.   
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pre-miR sequence ID Count %Total 
mmu-miR-2146 14,042 11.8 
mmu-miR-2145-1 11,409 9.6 
mmu-let-7b 10,681 8.9 
mmu-miR-2134-3 9,234 7.7 
mmu-miR-2138 8,406 7.0 
mmu-miR-2182 5,541 4.6 
mmu-miR-2140 3,628 3.0 
mmu-miR-2132 3,484 2.9 
mmu-miR-99b 3,080 2.6 
mmu-miR-1959 2,881 2.4 
mmu-miR-2144 2,634 2.2 
mmu-miR-9-1 2,624 2.2 
mmu-miR-127 1,845 1.5 
mmu-miR-219-2 1,782 1.5 
mmu-miR-677 1,737 1.5 
mmu-miR-132 470 0.4 
 
Table 5.  pre-miRs that Immunoprecipitate with P-Fmrp.  Shown are the top fifteen 
results from deep-sequencing RNA species at 70-90 nucleotides in length that co-precipitated 
with P-Fmrp from mouse brain.  Also shown is pre-miR-132, which was 30th on the list.  
Total number of sequence reads for hairpin RNAs was 119,367. 
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Chapter 6 
Proposed Future Studies for the Songbird Model of FXS 
 
Introduction 
 
In this dissertation I have provided evidence that the fragile X mental retardation protein 
FMRP, the protein absent or aberrantly expressed in fragile X syndrome (FXS), is involved 
in both vocal learning, and therefore development and possible maintenance of a neural 
network; and spatio-temporal regulation of neuronal protein translation.  Although I have 
presented this work as partial fulfillment of my doctorate in Neuroscience, I would like to 
take the opportunity to propose here future experiments that it would be interesting to 
perform with the songbird model of FXS vocalization, along with a consideration for 
potential altered song learning in the avian model of FXS. 
 
Proposed experiments 
 
Determining the origin of the increased TguFmrp in the RA 
 
In Chapter 2 we show that the increased TguFmrp in the RA is in the neuropil, indicating 
localization to dendrites or axons.  We argue that the increased TguFmrp in the RA is most 
likely postsynaptic, or within RA neurons.  Yet the RA receives excitatory glutamatergic 
input from two song regions: HVC (letter-based proper name) and lMAN (lateral 
Magnocellular nucleus of the Anterior Nidopallium) (Sizemore and Perkel, 2008).  Thus to 
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be sure knockdown agents against TguFmrp would be introduced ideally into the RA, it 
would be beneficial to examine localization of the TguFmrp as pre- or postsynaptic via 
immunogold labeling followed by electron microscopy (EM).  If the protein is presynaptic, 
lesion-induced degeneration could be used in a companion study to determine if the synapse 
is from HVC or lMAN, as performed in (Herrmann and Arnold, 1991).  Lesion-induced loss 
of TguFmrp immunogold labeling would indicate the protein is from axons from that brain 
region and therefore suggest knockdown in that region would be most appropriate.  If lesion 
of neither region resulted in loss of immunogold label, it would indicate the TguFmrp is in 
interneurons intrinsic to the RA; or, if the protein were postsynaptic, then it would be in the 
RA neurons as well and thus subsequent knockdown within the RA would be appropriate.  A 
companion study using in situ hybridization for TguFmr1 mRNA would confirm the EM 
study for origin of the TguFmrp found in the RA.   
 
Microarray 
 
In Chapter 2 we presented data of highly variable expression of the zebra finch Taeniopygia 
guttata FMRP (TguFmrp) in a major song nucleus RA in male posthatch day 60 (P60) 
finches.  We also observed still variable, although less so, expression in adult males.  There 
are many potential reasons for this variability in expression including experience; we 
addressed two such experiences of directed and undirected singing activity at P60 in Chapter 
3 and found these experiences did not explain our observations.  A relatively simple high-
throughput method for examining relevant experiences might be mining through microarray 
data, with the caveat that gene expression does not necessarily indicate protein expression.  
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Through the songbird genome consortium, there are numerous labs performing numerous 
microarray studies comparing gene expression across ages, brain regions, experiences, and 
even male and female sex.  Thus this proposed study would not utilize any more birds or 
materials; merely, computer programs must be designed to mine through the microarray data 
and pull out data pertaining to the gene encoding TguFmrp; namely, TguFmr1.  Information 
gathered would lead to a better understanding of the role of TguFmrp in development of the 
song circuit.   
 
Additionally, it would be interesting to discover the cause of such high TguFmrp expression 
as seen in Chapter 2.  If possible, this cause could be reproduced in the laboratory as a test 
for efficient knockdown of TguFmrp by the lentivirus. 
 
It is important to consider that there is not current evidence for changes in expression of the 
mRNA for the fragile X protein (FMR1) in response to stimulation (Godfraind et al., 1996; 
Todd et al., 2003a).  Nevertheless, these studies had limitations.  Godfraind and colleagues 
induced seizures in mice and examined FMR1 levels in cortex or whole-brain by northern 
blot (Godfraind et al., 1996).  By looking at such a gross level, they may have missed local 
regulation of mRNA.  Todd and colleagues used PCR to examine FMR1 levels in mouse 
barrel cortex after whisker stimulation (Todd et al., 2003a); however, this result does not rule 
out mRNA changes in other brain regions in response to more social stimuli.  This proposed 
experiment may yield only negative results, by finding no changes in FMR1 mRNA 
expression levels across experiences / ages / brain regions / sexes, but the advantages to 
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microarray mining are it does not require any new animals to be examined, and the only 
labor required is in developing the software for mining and analysis. 
 
Finally, if in the future a high-throughput analysis such as microarray for protein expression 
became available, these results could be used in comparison to microarray data.  Comparing 
gene expression to protein expression would be invaluable in understanding the role of the 
protein in development and maintenance of the song circuit, as well as transport and other 
regulation of the protein.  This knowledge would contribute to both the vocal learning and 
fragile X fields.   
 
Considering a mechanism for TguFmrp-knockdown effects on song learning. 
 
If the TguFmrp-knockdown finch shows altered song learning, it would be interesting to 
consider altered GABAergic signaling as the mechanism, for reasons outlined below. 
 
GABA in the RA 
 
Gamma-aminobutyric acid (GABA) is the major inhibitory neurotransmitter in the vertebrate 
brain [reviewed in (Kuriyama et al., 1993)] and as a presynaptic actor has been suggested to 
modulate sensorimotor learning (Clarac et al., 1992) and tunable development of neural 
networks (Blankenship and Feller, 2010).  GABA has two receptors: the GABAA receptor is 
ionotropic and the GABAB receptor is metabotropic (Kuriyama et al., 1993).  It has been 
suggested that GABA is involved in balancing converging inputs (Sizemore and Perkel, 
 130 
2008; Tsvetkov et al., 2009).  Interestingly, such convergent inputs can be found in the 
crossroads of the two major neural pathways for avian song learning and production, namely, 
the nucleus RA (Nottebohm et al., 1976).   
 
In fact, GABA signaling has been observed for the RA interneurons to inhibit both the RA’s 
projection neurons (projecting to the nXIIts and collaterals back to themselves and to 
interneurons) and themselves (Sizemore and Perkel, 2008).  The authors of this study argue 
that neuromodulators such as GABA could be used for aiding rapid adjustment to 
environmental stimuli, such as predators.  I suggest that it is also possible that such rapid 
adjustment occurs during the sensorimotor phase of song learning, when the bird must 
compare his own song to his stored template.  Intriguingly, this study also shows that HVC 
and collateral input in adult and juvenile males act via GABAB receptors, while interneuron 
input acts via GABAA receptors.  Furthermore, lMAN affects the RA via noradrenaline (NE) 
signaling through the alpha2 adrenergic receptor [it has been shown previously that NE 
stimulus on RA results in an attenuated spontaneous firing rate of its projection neurons 
(Solis and Perkel, 2006)]. 
 
At the molecular level, high-density GABAergic cells have been observed in the RA via 
immunostaining for GABA itself (Pinaud and Mello, 2007).  These cells presented with 
variability in shape and size, ranging from 6.4-28.5um in diameter (mean diameter 14.3um), 
throughout the RA.  The GABA was observed in somata, although not within nuclei.  The 
neuronal processes branched greatly after leaving the somata, leading the authors to speculate 
they were most likely of inhibitory interneurons; however, the authors also suggest the 
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projection neurons from the RA to the nucleus trachiosyringealis of cranial nerve XII 
(nXIIts) may be GABAergic.  Therefore, an argument is presented for GABA-dependent 
regulation of vocal output via the RA.   
 
GABA and FMRP 
 
When FMRP knockout (KO) mouse brains were examined for the GABAA receptor beta 
subunit, which is necessary for receptor function, a reduced expression was found in the 
cortex, hippocampus, diencephalon, and brainstem, concomitant with increased GAD, the 
enzyme that synthesized GABA (El Idrissi et al., 2005).   A later study examined the mRNA 
levels of various GABAA receptor subunits via RT-PCR and found decreased levels of 8 
subunits (out of 16) in the KO mouse cortex (but not cerebellum): alpha 1, 3, 4; beta 1, 2; 
gamma 1, 2; and delta (D'Hulst et al., 2006).  This work confirmed a previous RT-PCR study 
from same group that had shown decrease in delta mRNA expression (Gantois et al., 2006).  
Furthermore, RT-PCR was performed in the Drosophila model of FXS, and all three GABA 
receptor subunits were seen to have decreased mRNA levels: Grd, Rdl, and Lcch3 (D'Hulst 
et al., 2006).  Finally, altered GABAergic signaling has been observed in neonatal FMRP KO 
mice (Adusei et al., 2010).    
 
It is interesting to note that in regards to FXS vocalization, it has been suggested that the 
perseveration observed in FXS [reviewed in (Finestack et al., 2009)] may be due to an 
impaired inhibitory signaling that would normally prevent this repetition (Cornish et al., 
2004).  Recall that GABA is the major inhibitory neurotransmitter in the vertebrate brain 
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[reviewed in (Kuriyama et al., 1993)].  Therefore, it is conceivable that future studies with 
the zebra finch model of FXS will unveil a coordinated role for FMRP and GABAergic 
signaling in vocal learning.  
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